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ABSTRACT 
 
Gelation, the irreversible loss of fluidity in freeze-thawed hen egg yolk, is undesirable to 
food processors because of reduced yolk dispersibility and functionality. The mechanism of 
gelation has not yet been fully elucidated. The objective of this research was to determine the 
gelation mechanism by studying the gel mechanical properties, particle size distribution, protein 
characteristics, free water content, matrix mobility, and microstructural arrangement of fresh vs 
gelled yolk in a long-term frozen storage study. A separate investigation was conducted for the 
development of a sensitive and robust proton nuclear magnetic resonance (1H NMR) 
spectroscopic technique to study matrix mobility in gelled yolk. The detected yolk components 
were successfully identified as protein, lipid, and water after optimization of operating 
conditions, and results showed good repeatability. The long-term study of yolks stored at –20°C 
for varying lengths of time (1, 3, 7, 14, 28, 84, 168 d) before thawing showed that both plasma 
and granules of yolk contributed to gelation. Gel strength and particle size increased with 
increasing storage time, indicating aggregation of yolk constituents. Polyacrylamide gel 
electrophoresis (PAGE) results suggested the aggregation of proteins, particularly phosvitin of 
the granules. Intermolecular disulfide bonding between high-density lipoproteins may also have 
occurred. Two stages of gelation were observed with particle size analysis and 1H NMR 
spectroscopy. Lipoproteins or apolipoproteins may have aggregated in the first stage (≤ 84 d) of 
gelation. In the second stage (≥ 84 d), proteins or apolipoproteins may have aggregated after 
dissociating from aggregates formed during the first stage. The dissociation of granular 
components during long-term freezing was also observed via transmission electron microscopy 
(TEM). Disruption of the freeze-thawed yolk matrix confirmed that ice crystal growth was 
required for gelation to occur, though no obvious LDL aggregation was observed. 
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CHAPTER 1. GENERAL INTRODUCTION 
 
Food processors use hen egg yolk as a highly nutritional and functional ingredient in 
many products such as mayonnaise, salad dressing, cakes, and custards. Yolks are stored frozen 
out of the shell and in bulk for ease of transport, efficient storage, and increased shelf life. When 
egg yolks are frozen below –6°C and thawed, an irreversible loss of fluidity occurs (Moran, 
1925). This thickening of yolks is termed gelation. It is an unfavorable change because of the 
reduced ability to disperse gelled yolk in other ingredients during processing, and yolk 
functionality is suboptimal in products containing gelled yolk (Powrie, Little, & Lopez, 1963). 
The food industry currently practices the addition of salt, sugar, or corn syrup to yolk to reduce 
gelation (AEB, 2013). The first observation of fluidity loss in freeze-thawed hen egg yolk, as 
well as its inhibition by sucrose, was made by Moran (1925). Many researchers subsequently 
studied yolk gelation, but its mechanism has not been fully elucidated. 
 
Thesis Organization 
This thesis begins with a review of literature focusing on freeze-thaw gelation of hen egg 
yolk, including relevant information such as yolk composition, basic nutrition, and functionality 
in food products. Two manuscripts follow the literature review. Manuscript authors were part of 
the yolk gelation research team within the Department of Food Science and Human Nutrition or 
part of the Department of Genetics, Development and Cell Biology assisting in transmission 
electron microscopy sample preparation, imaging, and interpretation of results. Dr. Nuria 
Acevedo and Dr. Tong Wang are the authors for correspondence for both manuscripts. A general 
conclusion and appendices conclude this thesis. 
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Literature Review 
Egg production and consumption 
 The United States is the second largest producer of hen eggs in the world. The average 
annual US shell egg production is 5.0 million metric tons (MT) or approximately 84.3 billion 
eggs, based on 1992–2012 FAOSTAT (Food and Agriculture Organization of the United Nations 
Statistics Division) data (FAO, 2014). During the same period, average per capita egg 
consumption in the US was 247.5 eggs/year. Per capita consumption of eggs is a measure of total 
production divided by the total population, with total supply (beginning stocks, production, and 
imports) and total use (exports, hatching use, and ending stocks) taken into account (USDA, 
2014c). Since 1992, the United States per capita egg consumption was highest between 1999 and 
2006, averaging 255.1 eggs/year, and lowest between 1992 and 1998, averaging 237.8 eggs/year 
(USDA, 1994, 1996, 1998, 2000, 2002, 2004, 2006, 2008, 2010, 2012). The most recent US Egg 
Supply and Use data in the World Agricultural Supply and Demand Estimates (WASDE) Report, 
released in March 2015, showed a per capita use of 258.9 eggs in 2013 (USDA, 2015b). The 
consumption of eggs has been the highest in seven years, and it is expected to increase in the 
next several years. Projected estimates for 2014 and 2015 are 263.4 and 264.1 eggs, respectively 
(USDA, 2015b).  
Iowa, Ohio, Pennsylvania, Indiana, and Texas were the top egg producing states of 2014, 
with Iowa accounting for approximately 17% of US egg production (USDA, 2015a). An 
estimated 229 million cases of shell eggs were produced in 2013, 53.3% of which went to retail, 
32.0% were further processed, 10.0% went to food service, and 4.7% were exported (AEB, 
2014). Eggs which are further processed are used as an ingredient in the form of liquid, frozen, 
and dried whole eggs, whites, or yolks (AEB, 2015b). In March 2015, the price of grade A large 
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eggs (sales to volume buyers delivered to warehouse) was $1.50/dozen, averaged from egg 
prices of the four US regions: Northeast ($1.50/doz), Southeast ($1.52/doz), Midwest 
($1.42/doz), and South Central ($1.56/doz) (AMS, 2015). Eggs are the least expensive source of 
high-quality protein compared to meat, poultry, and seafood (Chernoff, 2004). It is a widely-
consumed food and ingredient (AEB, 2014) due to its nutritional and functional aspects, which 
result from its unique composition and structure.  
 
Egg yolk composition 
 Fresh hen egg consists of three major structures: the shell, white (albumen), and yolk. 
Egg albumen accounts for the majority of the egg by weight (~64%) and is composed of about 
88% water; 11% proteins; and 1% lipids, carbohydrates, and minerals (USDA, 2014a). Yolk 
makes up approximately 36% of the egg by weight, 48–53% of which is water. The dry matter of 
yolk is composed of 55–63% lipids, 33–34% proteins, 1–4% carbohydrates, and 3–4 % minerals 
(Table 1.1).  
 
Table 1.1  Hen egg yolk composition. 
 
Vadehra, Nath, & 
Forsythe (1973) 
Powrie & Nakai (1986) 
USDA 
(2014b) 
 Fresh (%) Dry (%) Fresh (%) Dry (%) Fresh (%) Dry (%) 
Water 48.0 – 51.1 – 52.3 – 
Lipids 32.5 62.5 30.6 62.5 26.5 55.6 
Proteins 17.5 33.7 16.0 33.0 15.9 33.3 
Carbohydrates – – 0.6 1.2 3.6 7.5 
Ash 2.0 3.8 1.7 3.5 1.7 3.6 
 
Most of yolk dry matter is plasma (~78%) while the remaining 22% is made up of 
granules (Figure 1.1). Plasma is the protein- and lipid-containing aqueous phase in which low-
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density lipoproteins (LDL), livetins, granules, and spheres are suspended. Livetins are water-
soluble proteins accounting for 15% of plasma. The majority of plasma (85%) is comprised of 
LDLs, 17–60 nm diameter particles with a triacyglycerol (TAG) and cholesteryl ester core 
surrounded by a phospholipid monolayer embedded with apolipoproteins and cholesterol (Anton, 
Martinet, Dalgalarrondo, Beaumal, David-Briand, & Rabesona, 2003; Burley & Cook, 1961; 
Martin, Augustyniak, & Cook, 1964). Granules are 0.3–2 µm diameter complexes of high-
density lipoproteins (HDL) and the protein phosvitin linked by phosphocalcic bridges (Burley & 
Cook, 1961; Saari, Powrie, & Fennema, 1964). Some LDL is included in the granular complex 
and is termed LDLg (Figure 1.1). Spheres are 4–150 µm diameter lipid bodies consisting of 
tightly packed lipid droplets and lipoproteins and make up only 1% of the yolk dry matter 
(Bellairs, 1961; Chang, Powrie, & Fennema, 1977b).  
 
Figure 1.1  Egg yolk structure, modified from Anton (2007) and Strixner, Sterr, Kulozik, and Gebhardt 
(2014). 
  
Plasma contains approximately 73% lipids, 25% proteins, and 2% ash and accounts for 
about 90% of the yolk lipids and 50% of the yolk proteins. The plasma lipids are mainly TAGs 
(70%) and phospholipids (25%) with some cholesterol (5%) (Anton, 2007), all of which are 
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found in LDL. LDLs are composed of 83–89% lipids and 11–17% proteins (Martin, 
Augustyniak, & Cook, 1964) and have a micellar structure. Phospholipids form a membrane 
around a TAG core, which exists in a liquid state. Cholesterol in the phospholipid monolayer 
contributes to the structural integrity of LDL by increasing the rigidity of the membrane. 
Because of its density (0.982 g/mL), LDLs are soluble in water (Burley & Vadehra, 1989). 
Livetins are plasma proteins and are also water-soluble. The other proteins are found in the LDL 
monolayer as apolipoproteins, of which there are six major classes. The apolipoprotein with an 
estimated molecular weight (MW) of 130 kilodalton (kDa) accounts for over 70% of the total. 
The 15 kDa apolipoprotein accounts for 20%, and the remaining 10% consists of the four other 
apolipoproteins with MW of 55, 60, 65, and 80 kDa (Anton, Martinet, Dalgalarrondo, Beaumal, 
David-Briand, & Rabesona, 2003). All six apolipoproteins have isoelectric points between 6.3 
and 7.5 (Kojima & Nakamura, 1985). The apolipoproteins are hydrophobic, as approximately 
40% of the amino acids are nonpolar (Tsutsui & Obara, 1982).  
 Granules contain approximately 64% proteins, 31% lipids, and 5% ash and accounts for 
50% of the yolk proteins and 7% of the yolk lipids. The lipids are mainly TAGs (60%) and 
phospholipids (35%) with some cholesterol (5%) (Anton, 2007), all of which are found in HDL. 
HDL and phosvitin complex to form granules, which are insoluble due the compact structure and 
poor hydration resulting from the numerous phosphocalcic linkages between HDL and phosvitin 
(Anton, 2007). HDLs are 7–20 nm in diameter and have a structure similar to globular proteins 
(Burley & Cook, 1961). They are composed of 20–25% lipids and 75–80% proteins (Martin, 
Turner, & Cook, 1959), so its density is close to that of proteins (1.120 g/mL) (Anton, 2007). 
Five major apoproteins are found in HDL in nearly equal quantities: 28% of 35 kDa, 15% of 50 
kDa, 20% of 80 kDa, 16% of 100 kDa, and 21% of 110 kDa apoprotein (Anton, 2007). 
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Egg yolk nutrients 
 The macro- and micronutrients of egg yolk (per 100 g and one 17 g egg yolk) are shown 
in Table 1.2. The table also includes dietary reference intake (DRI) expressed as a % of 
Recommended Daily Allowance (RDA) or Adequate Intake (AI). Eggs are a major source of 
vitamins. The entirety of fat-soluble vitamins, as well as some of the water-soluble vitamins, is 
found in egg yolk. Yolk is also a good source of dietary choline that is necessary for the 
phospholipid synthesis in cell membranes, neurotransmission, and lipid-cholesterol transport and 
metabolism (Hasler, 2000; Seuss-Baum, 2007).  
Of the whole egg, yolk contains about 43% of the proteins and 95% of the lipids. The 
amount of highly bioavailable protein in egg is notable. Egg is defined as the highest value of 
‘100’ when measuring the protein quality of foods and is thus the standard against which other 
food proteins are compared (Seuss-Baum, 2007). The high content of essential amino acids is 
responsible for the high quality of egg protein. The amount of essential amino acids (histidine, 
isoleucine, leucine, lysine, methionine, phenylalanine, threonine, tryptophan, and valine) in 
whole egg and yolk are shown in Table 1.3.  
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Table 1.2  Nutrient content of raw, fresh egg yolk, from (USDA, 2014b) and (IOM, 2005). 
Nutrient Per 100 g 
Per large egg 
yolk (17 g) 
One egg expressed as % of DRI* 
Males (19–50 y) Females (19–50 y) 
Protein (g) 15.86 2.70 4.82 5.87 
Carbohydrates (g) 3.59 0.61 0.47 0.47 
Fat (g) 26.54 4.51 ND ND 
Vitamins     
Thiamin (mg) 0.176 0.030 2.50 2.72 
Riboflavin (mg) 0.528 0.090 6.92 18.18 
Niacin (mg) 0.024 0.004 0.03 0.03 
Pantothenic acid (mg) 2.990 0.508 10.16 10.16 
Vitamin B6 (mg) 0.350 0.059 4.54 4.54 
Folate (µg) 146 25 6.25 6.25 
Choline (mg) 820.2 139.4 25.35 32.80 
Betaine (mg) 0.9 0.2 – – 
Vitamin B12 (µg) 1.95 0.33 13.75 13.75 
Vitamin A (µg) 381 65 7.22 9.29 
Retinol (µg) 371 63 – – 
β-carotene (µg) 88 15 – – 
α-carotene (µg) 38 6 – – 
β-cryptoxanthin (µg) 33 6 – – 
Lutein + zeaxanthin (µg) 1094 186 – – 
Vitamin E (α-tocopherol) (mg) 2.58 0.44 2.93 2.93 
β-tocopherol (mg) 0.05 0.01 – – 
γ-tocopherol (mg) 1.33 0.23 – – 
δ-tocopherol (mg) 0.06 0.01 – – 
Vitamin D3 (µg) 5.4 0.9 6.00 6.00 
Vitamin K (µg) 0.7 0.1 0.08 0.11 
Minerals     
Calcium (mg) 129 22 2.20 2.20 
Iron (mg) 2.73 0.46 5.75 2.56 
Magnesium (mg) 5 1 0.24 0.31 
Phosphorus (mg) 390 66 9.43 9.43 
Potassium (mg) 109 19 0.40 0.40 
Sodium (mg) 48 8 0.53 0.53 
Zinc (mg) 2.30 0.39 3.55 4.88 
Copper (mg) 0.077 0.013 0.00 0.00 
Manganese (mg) 0.055 0.009 0.39 0.50 
Selenium (µg) 56.0 9.5 17.27 17.27 
* Adequate Intakes (AI) are in ordinary type and Recommended Daily Allowances (RDA) are in italicized type.  
ND, not determined. 
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Table 1.3  Amino acid content of raw, fresh egg yolk and whole egg, from (USDA, 2014b). 
Essential amino acids are in italicized type. 
 
Egg yolk contains about 27% lipids, of which 38% are saturated, 45% monounsaturated, 
and 15% polyunsaturated fatty acids (Table 1.4). The essential fatty acids, linoleic (18:2) and 
linolenic (18:3) acid, make up ~84% and 3% of the polyunsaturated fatty acids, respectively. The 
omega-3 fatty acids eicosapentaenoic acid (EPA, 20:5 n-3) and docosahexaenoic acid (DHA, 
22:6 n-3) are also found in egg yolk.  
 
 
 
 
Amino acid (g) 
Per 100 g  Per large egg  
egg yolk whole egg  egg yolk (17 g) whole egg (50 g) 
Tryptophan  0.177 0.167  0.030 0.083 
Threonine  0.687 0.556  0.117 0.278 
Isoleucine  0.866 0.671  0.147 0.336 
Leucine  1.399 1.086  0.238 0.543 
Lysine   1.217 0.912  0.207 0.456 
Methionine  0.378 0.380  0.064 0.190 
Cystine  0.264 0.272  0.045 0.136 
Phenylalanine  0.681 0.680  0.116 0.340 
Tyrosine  0.678 0.499  0.115 0.250 
Valine  0.949 0.858  0.161 0.429 
Arginine  1.099 0.820  0.187 0.410 
Histidine  0.416 0.309  0.071 0.154 
Alanine  0.836 0.735  0.142 0.368 
Aspartic acid  1.550 1.329  0.264 0.664 
Glutamic acid  1.970 1.673  0.335 0.836 
Glycine  0.488 0.432  0.083 0.216 
Proline  0.646 0.512  0.110 0.256 
Serine  1.326 0.971  0.225 0.486 
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Table 1.4  Fatty acid content of raw, fresh egg yolk, from (USDA, 2014b).   
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Egg yolk functionality in food products 
Egg yolk is an ingredient used in a variety of food products such as mayonnaise, salad 
dressings, cakes, custards, pastas, and ice creams (Anton, 2007; Kiosseoglou, 2003). It possesses 
many functionalities that impart desirable attributes to food. These include coloring, thickening, 
crystallization controlling, tenderizing, and emulsifying properties (AEB, 2015a; Anton, 2007). 
Different constituents of yolk have unique physical and chemical characteristics that contribute 
Fatty acid (g) Per 100 g Per large egg yolk (17 g) 
Total saturated  9.551 1.624 
8:0  0.009 0.002 
10:0 0.009 0.002 
12:0  0.009 0.002 
14:0   0.104 0.018 
15:0  0.013 0.002 
16:0  6.860 1.166 
17:0  0.051 0.009 
18:0  2.417 0.411 
20:0  0.032 0.005 
22:0  0.038 0.006 
24:0  0.009 0.002 
Total monounsaturated  11.738 1.995 
14:1  0.024 0.004 
16:1  0.918 0.156 
18:1  10.701 1.819 
20:1  0.086 0.015 
22:1  0.009 0.002 
Total polyunsaturated  4.204 0.715 
18:2  3.538 0.601 
18:3  0.103 0.018 
20:4  0.438 0.074 
20:5 n-3  0.011 0.002 
22:6 n-3  0.144 0.019 
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to certain functional properties (Anton, 2007). As such, food processors use yolk to attain the 
desired characteristics of their food products. 
Yolk contains the carotenoid xanthophyll, which gives foods a yellow-orange color when 
used as a colorant (AEB, 2015a; Williams, 1992). Egg yolk proteins thicken food products, and 
yolk lipids contribute to tenderizing of food. In thickening applications, the proteins are 
unfolded, or denatured, with shearing or exposure to heat or acid (AEB, 2015a). Denatured 
protein molecules then aggregate as a result of interactions governed by attractive and repulsive 
forces, such as hydrogen bonding, disulfide bond formation, hydrophobic associations, and 
electrostatic forces (Gosset, Rizvi, & Baker, 1984). When yolks are used for tenderizing in baked 
goods, the lipids help to produce a softer crumb (AEB, 2015a). Yolk lipoproteins also bind and 
stabilize the fat used in baked foods to ensure uniform distribution, contributing to a tenderer 
product (Kamat, Lawrence, Hart, & Yoell, 1973).  
Yolk proteins, lipids, and lipoproteins are involved in coating, emulsifying, and 
crystallization control applications. When yolk is used as a coating or glaze, xanthophyll 
contributes a golden color and lipids prevent moisture loss of the product (AEB, 2015a). Yolk is 
an excellent emulsifier due to its lipoproteins, which are surface-active components that stabilize 
oil-water interfaces in oil-in-water emulsions and prevent coalescing of oil droplets in the food 
system (Anton, 2007; Guilmineau & Kulozik, 2007; Herald, Abugoush, & Aramouni, 2009; 
Wilderjans, Luyts, Brijs, & Delcour, 2013). Yolk is used as an emulsifier to create desirable 
smooth, creamy mouthfeel or thickened texture in foods such as mayonnaise, salad dressings, 
and ice creams (Alfaifi & Stathopoulos, 2010; Kiosseoglou & Sherman, 1983). Egg yolks also 
help control the texture of frozen products by encouraging formation of small ice crystals, as the 
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presence of small ice crystals contributes to creamier texture and improves product acceptability 
(AEB, 2015a; Russell, Cheney, & Wantling, 1999).  
 
Freeze-thaw induced gelation of egg yolk 
Hen egg yolk is used as an ingredient in many food products due to its high nutrient 
content and multi-functional properties. Food processors use frozen yolks for ease of transport, 
efficient storage, and increased shelf life. However, an undesirable, irreversible loss of fluidity 
occurs when egg yolks are frozen below –6°C and thawed (Moran, 1925). This thickening of 
yolks is termed gelation, which is unfavorable because of reduced dispersibility in food 
ingredients and reduced functionality in food products (Powrie, Little, & Lopez, 1963). To 
reduce gelation, food processors typically add 2–10% sodium chloride or sucrose to yolk before 
storage at approximately –20°C (AEB, 2013). The first observation of freeze-thaw yolk gelation, 
as well as its inhibition by sucrose, was made by Moran (1925). Subsequent studies have 
confirmed reduced gelation via addition of other sugars such as fructose, sodium chloride and 
other salts, and proteolytic enzymes such as papain (Jaax & Travnicek, 1968; Kamat, Graham, 
Barratt, & Stubbs, 1976; Meyer & Woodburn, 1965; Nowak, Powrie, & Fennema, 1966; Powrie, 
Little, & Lopez, 1963; Wakamatu & Sato, 1980; Wakamatu, Sato, & Saito, 1983). 
Most researchers were in agreement that dehydration of molecules is the first step in 
freeze-thaw gelation (Chang, Powrie, & Fennema, 1977; Kamat, Graham, Barratt, & Stubbs, 
1976; Lovelock, 1957; Martin, Augustyniak, & Cook, 1964; Meyer & Woodburn, 1965; Moran, 
1925; Palmer, Ijichi, & Roff, 1970; Powrie, Little, & Lopez, 1963; Sato & Aoki, 1975; Telis & 
Kieckbusch, 1997; Wakamatu & Sato, 1980). Jaax and Travnicek (1968) and Mahadevan, 
Satyanarayana, and Kumar (1969) showed that slow cooling rates must be employed to induce 
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gelation, as fast freezing of yolk in liquid nitrogen or oxygen resulted in little to no change of 
fluidity even with extended storage in low temperatures (33–49 d in –20°C). Thus, large ice 
crystal formation due to slow freezing is required for gelation to occur. It is believed that 
dehydration of molecules disrupts their structural integrity, and the “removal” of water via 
crystal growth during slow freezing promotes rearrangement and aggregation of yolk 
constituents. Researchers shared the viewpoint that aggregation is responsible for the loss of 
fluidity in freeze-thawed yolk, but there was disagreement on the constituents that participate in 
aggregation. 
Urbain and Miller (1930) identified the phospholipid fraction, i.e., lecithin, as the 
component responsible for freeze-thaw gelation in a study that investigated the protective effects 
of certain sugars. Moran (1925) suggested that precipitation of lecitho-vitellin, a complex of 
lecithin and the yolk protein vitellin, was responsible for gelation. It was proposed that water 
removal during freezing led to increased salt concentration that dissolved lecitho-vitellin, which 
precipitated upon reintroduction of water during thawing. Moran demonstrated this by freezing 
and thawing lecitho-vitellin dissolved in sodium chloride. It should be noted that lecitho-vitellin 
is now termed low-density lipoprotein (LDL) of plasma. Soliman and Van Den Berg (1971) 
supported that LDL aggregation occurred after water removal and the resulting increase in salt 
concentration, as experiments demonstrated the increase in turbidity of lipoprotein solutions with 
added sodium chloride.  
A study by Powrie, Little, and Lopez (1963) showed that plasma played a role in 
gelation, evidenced by structural rearrangement of LDL due to freezing. Subsequently, 
researchers found that this structural rearrangement caused LDL aggregation, but there were 
conflicting explanations for the mechanism of aggregation. Kumar and Mahadevan (1970) and 
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Mahadevan, Satyanarayana, and Kumar (1969) attributed aggregation to protein-protein 
interactions following the disruption of lecithin-protein bonds of LDL. Kurisaki, Kaminogawa, 
and Yamauchi (1980) found that apolipoproteins and phospholipids were liberated from the LDL 
surface, suggesting that the dissociated components led to destabilized LDL structure followed 
by LDL aggregation. Lipids were also thought to be involved in aggregation, because removal of 
LDL lipids gave proteins that were previously bound to these lipids the opportunity to interact 
with each other (Mahadevan, Satyanarayana, & Kumar, 1969). Conversely, other studies showed 
that LDL aggregation was a result of conformational changes in the protein and phospholipid 
moieties of LDL, not the liberation of LDL components (Lovelock, 1957; Wakamatu & Sato, 
1980; Wakamatu, Sato, & Saito, 1983). Kamat, Graham, Barratt, and Stubbs (1976) suggested 
that charge, hydration, and steric factors associated with the phospholipids and peptides of the 
LDL surface were the dominant forces contributing to aggregation.  
Most researchers proposed that plasma LDL was responsible for the loss of fluidity after 
freeze-thaw of yolk, and many studies focused on isolated LDL solutions to determine the 
mechanism of gelation. Experiments on the granular fraction have seldom been done. 
Mahadevan, Satyanarayana, and Kumar (1969) stated that granules do not participate in gelation 
because granules did not gel like whole yolk whereas plasma did. Wakamatu, Sato, and Saito 
(1982) showed that only LDL was found in the aggregated of gelled yolk, remarking that other 
yolk components may not directly participate in gelation. However, they noted that they could 
not exclude granular LDL (LDLg) because plasma LDL and LDLg have similar protein and lipid 
composition, which is how the aggregates of gelled yolk were identified in that study. Powrie, 
Little, and Lopez (1963) suggested that components other than LDL are involved in gelation. 
Chang, Powrie, and Fennema (1977a) believed that LDLg are released from granules disrupted 
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by high salt concentrations during slow freezing, causing both plasma and granular LDL to 
aggregate.  
Past research showed that frozen storage time (up to 150 h) had an effect on yolk 
gelation. Specifically, turbidity and viscosity continuously increased with increasing storage time 
(Chang, Powrie, & Fennema, 1977a; Kurisaki, Kaminogawa, & Yamauchi, 1980; Powrie, Little, 
& Lopez, 1963; Soliman & Van Den Berg, 1971). Furthermore, a study found that the properties 
of yolk-containing products were affected by the use of yolks frozen for varying lengths of time 
up to 120 d (Huang, Wang, Han, & Lu, Unpublished results). Wakamatu, Sato, and Saito (1982) 
suggested that the continual increase of gelation was a result of the increase of ice crystal size 
through cycles of melting and recrystallization of ice during frozen storage.  
It is currently unknown what causes the variation in yolk characteristics and properties 
during extended freezing time. There have not been studies on the changes in the states of water, 
particle size, or matrix mobility in the yolk system as influenced by freeze-thaw gelation. Most 
research was centered on plasma LDL in order to determine the gelation mechanism, and the role 
of granules was largely overlooked. Thus, it is not known whether granules contribute to yolk 
gelation, and if they do, what role they have in the mechanism of gelation.  
 
Hypothesis of this Research 
It is hypothesized that gelation occurs via aggregation of plasma LDL, caused by the 
disruption of the LDL membrane and concentration of yolk components due to formation of 
large ice crystals during freezing. Large ice crystals remove water that is necessary for the 
structural integrity of the LDL phospholipid monolayer (Meyer & Woodburn, 1965), altering the 
conformation of apo-low-density-lipoproteins (apo-LDL). Previously inaccessible hydrophobic 
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regions become available to participate in protein-protein interactions. Most studies eliminated 
the role of granules in gelation, but it is proposed that granules or their components participate in 
gelation by acting as a stabilizing force in the gel network. Past research has not focused on the 
effect of freezing time, but it is hypothesized that prolonged freezing storage affects gelation. 
Continual modification of the gel network is thought to occur due to changes in the molecular 
orientations and interactions of yolk components, such as lipids and proteins of LDL and 
granules, brought on by continually changing water states (bound vs unbound) as a result of 
extended freezing time. With increasing frozen storage time, gel strength is expected to increase 
as the gel network continues to build. Particle size should increase as a result of protein-protein 
interactions in LDL aggregation. Changes in the matrix will occur due to the changing states of 
water during longer frozen storage. Prior to this research, no investigations or hypotheses have 
been made regarding gel strength, particle size, or matrix changes of yolk as influenced by 
freeze-thaw gelation, particularly with long-term freezing storage. 
 
Objective 
The objective of this work was to use physical and chemical analyses of fresh and gelled 
yolk to determine the mechanism of gelation. Micro- and macro-level analyses were used to 
study different components of yolk, as well as the various factors which were hypothesized to 
contribute to gelation. Gel mechanical properties were measured using small deformation 
rheology. Particle size distribution was determined by particle size analysis using laser 
diffraction. Protein changes, such as protein aggregation, were observed with native and sodium 
dodecyl sulfate polyacrylamide gel electrophoresis (Native- and SDS-PAGE). Changes in the 
state of water were measured with differential scanning calorimetry (DSC). Microstructural 
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rearrangement of yolk components was observed with transmission electron microscopy (TEM). 
Matrix mobility of the yolk system was studied using proton nuclear magnetic resonance (1H 
NMR) spectroscopy. Because 1H NMR spectroscopy is a complex technique that has never been 
used to study yolk gelation, a separate study was conducted to develop a robust and repeatable 
methodology for studying gelation. 
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CHAPTER 2: DEVELOPMENT OF 1H NMR SPECTROSCOPIC 
TECHNIQUE FOR THE STUDY OF MATRIX MOBILITY IN 
HEN EGG YOLK 
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Abstract 
 Three experiments were conducted in developing a proton nuclear magnetic resonance 
(1H NMR) spectroscopic technique to study matrix mobility in fresh and freeze-thawed gelled 
yolk. The Carr-Purcell-Meiboom-Gill (CPMG) sequence was used to measure spin-spin 
relaxation times of proton pools representing major yolk constituents. A component 
identification test distinguished 3–4 pools. The least mobile pool was assigned to proteins and 
protein-lipid/protein-water interactions, and the most mobile to unbound water. The remaining 
pools were assigned to lipids and lipid-protein/lipid-water interactions. A stability test indicated 
that yolk had varied matrix mobility within the same sample across five days of refrigeration 
storage. A reproducibility test demonstrated high repeatability of fresh yolk measurements, but 
significant differences (p < 0.05) were found within gelled yolk samples. This research 
determined that 1H NMR spectroscopy, a non-destructive technique, can identify yolk 
components and detect changes in the matrix which is integral to the study of yolk gelation. 
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Introduction 
Hen egg yolk is comprised of approximately 50% water, 30% lipids, and 16% proteins. 
Carbohydrates and minerals are minor constituents that make up the rest of the egg yolk 
composition.1 The major yolk components and their interactions within the system contribute to 
the complexity of yolk. A phenomenon referred as gelation, induced by freezing and thawing of 
yolk, transforms the yolk matrix and produces a very viscous material. Gelled egg yolk is 
undesirable to food processors because: 1) its increase in viscosity causes difficulties in mixing 
the yolk with other ingredients, and 2) physicochemical changes in the gelled yolk result in 
reduced functionality in food products.2  In 1925, Moran discovered that sodium chloride and 
sucrose have the ability to reduce gelation.3 Since then, processors have practiced the addition of 
2–10% salt or sugar to yolks before freezing.4 Yolk gelation has been studied in the past, but 
methods based on newer technology can add to the knowledge on the yolk gelation, particularly 
because the gelling mechanism has not been fully elucidated. One such technology is nuclear 
magnetic resonance (NMR) spectroscopy which can be used to observe differences in sample 
structure due to changes in the internal chemical environment of the food, such as those resulting 
from freezing and thawing. The study of yolk gelation via low-resolution proton (1H) NMR 
spectroscopy is important because this technique may reveal matrix changes involved in the 
gelation process that have not yet been observed. Furthermore, 1H NMR spectroscopy is a non-
destructive method that can be used to examine the entire yolk with all of its intact, naturally-
present components. This may reveal more information about yolk gelation than previous 
methods which typically studied yolk in fractionated form.  
High-resolution 1H NMR spectroscopy is used to study liquids and solutions. In contrast, 
low-resolution 1H NMR spectroscopy is used to study food matrices, since most foods are solid 
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or more solid-like than liquid.5 Egg yolk can be ideally studied using a low-resolution 
spectroscopic method, which was performed in this study. 1H NMR spin-lattice relaxation time 
(T1) has also been related to molecular mobility, but spin-spin relaxation time (T2) measurements 
are primarily used to study matrix mobility in food.6, 7 Spin-spin relaxation time is affected by 
changes in the internal environment arising from chemical exchanges such as those involved in 
molecular mobility.8 Single-pulse 1H NMR experiments are used to study low-mobility proton 
pools with T2 of 10–1000 µs. The Carr-Purcell-Meiboom-Gill (CPMG) pulse sequence is used to 
measure protons pools with higher mobility and T2 of 0.1–1000 ms.6 Yolk constituents 
corresponding to proton pools detected by 1H NMR spectroscopy were all expected to fall within 
T2 range of the CPMG pulse sequence due to the high water content (50%) of egg yolk. 
Therefore, only CPMG measurements were made in this study. 
1H NMR spectroscopy has been used to study the molecular mobility in numerous food 
systems, many of which are simpler than egg yolk in structure and matrix. Typically they are 
ingredients, simple model systems of food products, or foods with extensively-studied matrices, 
such as starch gels and starch-based foods such as bread and cake.6, 9-11 Water mobility is usually 
analyzed in these studies. Simple water-based gels have also been modeled by mixed systems to 
study water mobility.12, 13 Though the results of these experiments cannot be compared to data 
from 1H NMR studies of egg yolk because of the vast difference in matrix composition of the 
studied materials, the principles of proton relaxation and molecular mobility may still be applied. 
These principles include the relative spin-spin relaxation times of proteins, lipids, and water; 
assignment of proton pools to protons of specific constituents; and interpretation of data in 
regards to the identification of exchanging and non-exchanging protons. 
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Few molecular mobility studies utilizing 1H NMR spectroscopy have been conducted on 
hen egg yolk. Some researchers have studied the molecular mobility of products containing egg 
yolk,6, 10 but their results may not be used to compare to T2 data of yolk. In those experiments, 
yolk was studied as a part of a larger food system with various other molecular interactions, so 
the obtained CPMG spectra cannot be equated to the spectra obtained in the study of yolk itself. 
There has been only one study on raw egg yolk.14 Three proton pools were distinguished and 
assigned, in order of increasing mobility, to 1) the CH protons of lipids, 2) the CH protons of 
proteins, and 3) the exchangeable protons of water. However, these results should be considered 
with caution because the instrument and measurement parameters used were different from those 
of this study.  
It is difficult to compare CPMG data collected from food products and its model systems 
among studies because T2 and proton populations (PP) are affected by different experimental 
parameters such as resonance frequency, pulse spacing, number of scans, and recycle delay time. 
In addition, there have been no 1H NMR studies on egg yolk that utilize the same spectrometer or 
sample material as in this research, so results cannot be directly compared. Spectrometers may 
contain magnets possessing different magnetic field strengths and resonance frequencies, which 
affect proton relaxation. It is essential, then, that a 1H NMR spectroscopic technique be 
developed for our research on yolk gelation using running parameters that we have defined and 
determined to obtain reliable and interpretable data. Future work on egg yolks in our laboratory 
or others may utilize this method to continue studies on yolk matrix mobility with the assurance 
that the technique gives reliable T2 and PP data.  
The objective of this research was to develop a 1H NMR spectroscopic technique to study 
the matrix mobility of fresh compared to freeze-thawed hen egg yolk. This method will be used 
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to study the gelation phenomena that occurs when egg yolk is frozen and thawed. Elucidation of 
the mechanism of yolk gelation will be possible with this analysis. A complex system such as 
egg yolk is difficult to study, but this technique has been proven to be useful because it can show 
molecular mobility of several components in yolk. In this study, three experiments were 
conducted in the development of a low-resolution 1H NMR spectroscopic technique to study 
yolk matrix mobility. The first experiment was designed to identify the components in yolk 
which were detected in preliminary CPMG measurements. Lipid and water content in a fresh 
yolk system was varied in order to observe the effects of changes in yolk composition on T2 
spectra. The second experiment was a 5-d stability test using fresh and gelled yolk to determine 
system stability and optimal measurement time and conditions. Preliminary data showed 
fluctuations in the T2 spectra when yolks were held in refrigeration storage (4°C) and measured 
after 1 or 2 d under the same conditions, suggesting that the yolk matrix needed time to 
equilibrate in refrigeration storage before measurement. The third experiment was a 
reproducibility test using fresh and gelled yolk to determine instrument sensitivity and 
robustness, thus validating this method of measuring T2 and PP for the study of yolk matrix 
mobility. The methodology developed in this research holds promise for studying the changes 
that occur as a result of freeze-thaw gelation of hen egg yolk and may be applied to other foods 
systems.  
 
Materials and Methods 
Materials 
Large grade A white shell eggs were purchased from retailers in Ames, IA. The shell 
eggs were distributed by farms located within 300 mi of the Ames retailers. Hen breeds varied 
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and included Hy-Line W36 and Bovan White, and hen age was 18–110 wk. The feed comprised 
of ground corn and soymeal, and vitamins and minerals were added based on the nutritional 
needs of the hens.15 The hens were housed in battery cage systems with standardized lighting and 
temperature, and temperature was adjusted depending on the age of the hen.16 Eggs were 
purchased at least 14 d before the sell-by date, i.e., 30 d after the packing date. Eggs were held 
for no more than 16 d in refrigeration temperature (4°C) during transportation as well as storage 
at the retailer and at the research laboratory. Both the packing and sell-by dates were obtained 
from the printed information on the retail packaging.  
 
Egg yolk separation 
 Yolk samples were prepared from the fresh, raw eggs no more than 16 d after the packing 
date. Yolks were separated using a modified version of the method by Powrie et al.2 Yolks were 
separated from the albumen, and the chalazae of each yolk was carefully removed. The albumen 
and chalazae were discarded. The yolk with intact vitelline membrane was washed carefully in a 
shallow basin of Milli-Q water. Milli-Q, or ultrapure water, was obtained from deionized water 
purified with Milli-Q® Reagent Water System (EMD Millipore, Darmstadt, Germany). Each 
yolk was rolled on a sheet of paper towel to remove remaining water and albumen. Once clean, 
the vitelline membrane was pierced and yolk was drained into a beaker. After completing the 
yolk harvest for all eggs, the yolks in the beaker were stirred slowly with a stir rod for 1 min to 
ensure sample homogeneity. Yolks were frozen immediately for the tests requiring gelled yolk 
samples.  
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Yolk freezing and thawing 
For samples requiring freezing and thawing, 50 mL of yolk was poured in 10-mL 
portions into five 25-mL polystyrene vials with snap-on polyethylene lids. Strips of plastic 
paraffin film, Parafilm (Beemis Company, Inc., Oshkosh, WI), were wrapped over the lid around 
the circumference of the vial. Vials were vacuum sealed in a vacuum bag with a FoodSaver® 
V222 vacuum sealing system (SunBeam Products, Inc., Jarden Consumer Solutions, Boca Raton, 
FL). The vacuum-sealed bags of yolk vials were submerged in the reservoir of a Haake SC 100 
refrigerated/heated bath circulator (Thermo Fisher Scientific, Waltham, MA) filled with 1:1 
ethylene glycol:Milli-Q water at 0°C. The bath was then set to –20°C. After the samples reached 
–20°C at a cooling rate of 0.3–0.5°C/min, the yolks were held in the –20°C bath for 3 h. The 
frozen yolks were then stored in a –20 ± 2°C upright freezer for 7 d. Yolks were then thawed for 
1 h in a 25°C Neslab GP-300 water bath (Neslab Instruments, Inc., Portsmouth, NH). Gelled 
yolks were analyzed immediately after thawing. Fresh yolks were analyzed no later than 6 h after 
yolk separation, and if storage was required the yolks were kept at 4°C until analysis. 
 
Sample preparation for component identification 
Seven samples of varying compositions were prepared for the component identification 
experiment: fresh yolk (F); lyophilized yolk reconstituted to 25 (L-25), 50 (L-50), and 75%  
(L-75) water (wet basis, wb); andd delipidated yolk with 0 (D), 10 (D-10) and 30% (D-30) added 
lecithin (wb). The natural amount of water and lipid found in yolk is 50 and 30% (wb), 
respectively. Fresh yolks were freeze-dried, or lyophilized, in plastic beakers with a Labconco 
FreeZone 2.5-L benchtop freeze dry system (Labconco, Kansas City, MO). The lyophilized 
material was collected in polypropylene tubes, capped, and stored in a –20°C freezer until use. 
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Lyophilized yolk was reconstituted with Milli-Q water, mixed thoroughly, and stored in 4°C for 
2 h before filling the NMR tubes. Fresh yolk was defatted using a 1:1.5 (v/v) analytical grade  
1-butanol:di-isopropyl ether solvent system (Fisher Scientific, Pittsburg, PA) as described in the 
method of Cham and Knowles.17 The delipidated yolk was collected in polypropylene tubes, 
capped, and stored in 4°C until use. Egg lecithin was added to two portions of the defatted yolk 
to yield a sample of 10% and 30% added lecithin each. The lecithin with claimed purity near 
100% was purchased from Q.P. Corporation (Tokyo, Japan) and kept at –20°C until use. 
 
Sample preparation for stability study 
Fresh and gelled yolk were prepared in triplicate per treatment. The same three tubes of 
each sample were used to obtain measurements throughout the 5-d study. Proton relaxation 
measurements were performed at approximately the same time each of the five days. Between 
daily measurements, tubes were stored at 4°C.  
 
Sample preparation for reproducibility study 
 Eggs were purchased from Ames retailers on three separate occasions at least 7 d apart. 
Yolks were separated, and gelled samples were frozen for 7 d and thawed according to the 
previously described method. Fresh and gelled samples were prepared for three repeated trials. 
Each trial utilized a different batch of eggs purchased at different times but originating from the 
same farm.  
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1H NMR spectroscopy measurements 
For all tests, flat-bottom glass NMR tubes (10 mm diameter, 180 mm length) were 
prepared in triplicate for each sample. Six runs were completed for each tube for a total of 18 
measurements per sample. Tubes were filled with yolk samples to a height of 4 cm and capped. 
Proton relaxation measurements were performed on a Bruker minispec mq-20 low-resolution 
spectrometer (Bruker, Rheinsteetten, Germany) at a resonance frequency of 20 MHz. 
Immediately before measurement, capped samples were held at 20°C in a Duratech TCON 2000 
high precision dry bath system (Duratech, Carmel, IN) for 60–70 min. The probe head was 
regulated at a constant temperature of 20°C by a Julabo F25-ED refrigerated/heated circulator 
(Julabo GmbH, Seelbach, Germany) connected to the minispec. Temperature regulation ensured 
that temperature fluctuations during measurement would not be a factor contributing to possible 
differences observed in proton relaxation of the samples. 
 The Carr-Purcell-Meiboom-Gill (CPMG) pulse sequence was used to measure T2 
between 0.2 and 1000 ms. The pulse separation between the 90° and 180° pulse was 2.28 and 
4.98 µs, respectively, and 600 data points were collected. For CPMG measurements, 8 scans 
were made with a 15.0-second recycle delay. Gain was adjusted for each sample to ensure 
collection of good T2 data, where the highest signal point was close to 80%. Relaxation curves 
were fitted to a continuous distribution of exponentials using the Inverse Laplace Transformation 
(ILT) algorithm (Bruker software), also referred as the CONTIN algorithm of Provencher.18 T2 is 
reported for each peak in ms. Proton populations (PP), or areas of the peaks, are proportional to 
the relative quantities of yolk component and are expressed in percentage (%) normalized for 
each sample. Proton populations were normalized by transforming the peak areas into 
percentages where the sum of all peaks was 100%. 
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Statistical analysis was carried out with JMP Pro 11, statistical software from Statistical 
Analysis System (SAS) Institute Inc. (Cary, NC). One-way analysis of variance (ANOVA) tests 
were conducted, and Tukey’s HSD (honest significant difference) test was applied for multiple-
pairwise comparison of samples. Significant differences were defined as having a p-value < 0.05. 
 
 Results and Discussion  
Hen egg yolk is comprised primarily of water (48–52%), lipid (30–33%), and protein 
(16–18%).19, 20 Three proton pools or peaks correlating to these three major components were 
expected in the CPMG spectra of yolk. Because large biomolecules possess faster spin-spin 
relaxation times than smaller molecules such as water,21 the peak with the smallest T2, indicating 
the fastest relaxing and least mobile components, could be attributed to the yolk proteins. Lipid 
molecules, which are smaller than proteins but larger than water molecules, could be assigned to 
the second peak. The third peak indicating the slowest relaxing, most mobile components could 
assumed to be water. However, experimental data showed that up to four peaks were detected by 
the Bruker minispec mq-20. The identification and assignment of yolk components to T2 peaks 
was necessary. Based on the results of the first experiment, yolk components were attributed to 
each proton pool, though they are labeled “Peak 1”, “Peak 2”, “Peak 3”, and “Peak 4” in the 
entirety of this study and not with the name of each component (i.e., “Proteins”, “Lipids,” or 
“Water”). This is done for ease of discussion and primarily because the identity of proton pools 
had not yet been confirmed. Figure 2.1 depicts the expected and actual CPMG spectra of fresh 
yolk. 
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Identification of yolk components 
Three or four peaks were detected depending on the yolk sample. It is important to note 
that a fourth peak was consistently present in approximately half of the 18 measurements of fresh 
yolk, designated by F* in all figures and tables. When three peaks were detected in fresh yolk, 
the third peak with highest T2 was very broad. When four peaks were detected, the two peaks 
with the largest T2 were narrower compared to the pool of most mobile protons that was present 
when there were only three peaks (Figure 2.3). The spectrometer may only be able to distinguish 
the two most mobile proton pools some of the time due to the complexity of egg yolk structure.  
To assign proton pools or peaks to the appropriate yolk components, it was necessary to 
observe the effect of changes in the yolk composition. Water and lipid content were manipulated 
since their protons possess longer relaxation times compared to the protons of proteins,21, 22 
making it easier to detect with CPMG and the resulting T2 range of 0.2–1000 ms.  
The spin-spin relaxation times of Peak 1 were unchanged in all yolk samples (p > 0.05) 
except the lyophilized yolk reconstituted to 75% moisture (L-75) which had an average T2 of 
1.82 ms compared to 0.54–0.71 ms of the other samples (Figure 2.2). This suggests that the T2 of 
this proton pool was nonexchangeable and unaffected by compositional changes until a large 
amount of water was added to the yolk system, leading to increased mobility. Peak 1 PPs were 
different amongst samples, with the largest differences seen in 25% moisture yolk (L-25) and 
delipidated yolk with 0 (D), 10 (D-10) and 30% (D-30) lecithin compared to fresh yolk (F). The 
removal of water and lipids in L-25 and D, respectively, increased the proton populations of 
proteins that had the fastest relaxation times (Peak 1 PP, Figure 2.2). These results, along with 
the knowledge that larger molecules and nonexchangeable protons belong to protein protons,6, 21 
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led to the assignment of Peak 1 to yolk protein. Peak 1 may also contain a small population of 
protons participating in protein-lipid or protein-water interactions. 
The addition of increasingly larger amounts of water to lyophilized yolk affected all other 
proton pools. CPMG spectra of fresh yolk (F) and lyophilized yolk reconstituted to 50% water 
(L-50) were similar when comparing T2 and PP across all peaks (Figure 2.2). This confirmed that 
the matrix of fresh yolk was comparable to that of freeze-dried yolk reconstituted with water to 
its natural moisture content. The spectra of yolk samples with 25% (L-25) and 75% (L-75) water 
require more in-depth analysis to determine the effect of water on matrix mobility. Peak 2 
corresponding to L-25 and L-75 had lower T2 and PP than F or L-50. Both L-25 and L-75 also 
had a lower Peak 3 T2 and a higher Peak 4 T2 compared to fresh yolk. However, Peak 3 PP was 
lower for L-25 and higher for L-75 compared to fresh. Peak 4 T2 of both samples were higher 
than that of fresh yolk. The shifts in T2 illustrated that water affected exchangeability or mobility 
of all proton pools, having a particularly large effect on the slower-relaxing pools, Peaks 3 and 4. 
Consequently, Peak 4 was assigned the exchangeable proton pool of unbound water.  
It should be noted that Peak 4 cannot be regarded as bulk water, as bulk water is 
characterized by a much greater T2 of 2.0–3.0 s independent of measurement conditions.6, 23, 24 
Peak 4 may contain exchanging protons of lipids and proteins via the interaction of lipids, 
protein, and water. Peak 4 T2 of L-75 was extremely high compared to Peak 4 of all other 
samples, and the next highest T2 was Peak 4 of the delipidated yolk (D). Since delipidation 
removes lipids, including polar phospholipids, water molecules which normally interact with 
lipid molecules became free and more mobile after defatting. This explains the presence of the 
fourth, most mobile peak in delipidated yolk that was only sometimes detected in fresh yolk. 
34 
 
 
 
Thus, the interaction of lipid and water, as well as the effects of increased or decreased quantities 
of these components, were observed in Peak 3 and 4 T2 and PP.  
The removal of lipids and addition of egg lecithin determined the effect of lipid (in the 
form of lecithin) on matrix mobility of egg yolk. Peak 2, 3, and 4 T2 of yolks delipidated with a 
butanol-di-isopropyl ether solvent mixture were significantly different (p < 0.05) from all other 
yolk samples (Figure 2.2). Defatted yolk with added lecithin (D-10 and D-30) had a significant 
decrease (p < 0.05) in Peak 2 T2 as lecithin content increased (Figure 2.2). The same trend in 
decreasing T2 with increasing lecithin content was observed in Peak 3, and differences were 
statistically significant (p < 0.05) (Figure 2.2). The addition of lecithin in increasing quantities 
contributed to the binding of previously mobile water molecules by lecithin, which explains the 
decrease in T2 of Peak 2 and 3 as lecithin content increased. Peaks 2 and 3 were assigned the 
yolk lipids, though both likely contain protons of lipid-water interactions. 
A notable difference in the spectra of D-10 vs the spectra of D-30 was that the latter had 
four peaks while the former had three. Data indicated that Peak 2 of D-10 differentiated into two 
peaks (Peak 2 and 3) for D-30. T2 of Peak 2 and 3 of D-30 were 8.6 and 20.0 ms, respectively. 
D-10 had a Peak 2 T2 of 12.8 ms, which fell between Peak 2 and 3 T2 of D-30. Additionally, 
Peak 4 T2 of D-30 (71 ms) was similar to Peak 3 T2 of D-10 (67 ms) (Figure 2.2). The proposal 
that Peak 2 of the D-10 was detected as two different peaks, Peak 2 and 3, of D-30 was 
confirmed by the proton populations. Peak 2 PP of D-10 was close to the sum of Peaks 2 and 3 
PP of D-30 (Figure 2.2). These results confirm the assignment of Peaks 2 and 3 as protons of 
lipid and/or lipid-water interactions. 
Assignment of proton pools to yolk components has seldom been attempted due to the 
complexity of egg yolk, and results were conflicting. Hills et al.14 studied raw egg whites and 
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egg yolks with low-resolution 2D 1H NMR spectroscopy, which correlates T1 and T2. Two peaks 
and three peaks were detected in T2 measurements of whites and yolks, respectively. 
Comparisons between the peaks detected in whites and yolks led to the assignment of the water, 
protein, and lipid pools. Ordered from lowest to highest mobility, the yolk components were 
lipid, protein, and water. Conversely, Luyts et al.6 assigned only protein and lipid to a yolk-water 
model system created as a part of a pound cake study, with the lipid proton pool having higher 
relaxation time. Five peaks were detected in the yolk-water system, but the other peaks were not 
identified. The number of detected peaks and their corresponding T2 and PP are dependent on the 
instrument, running conditions, and type of sample. It was crucial for yolk components to be 
identified based on the spectrometer, sample, and parameters used in this experiment in order to 
interpret data properly in matrix mobility studies of fresh and gelled yolk. 
 
Yolk matrix stability 
 Figure 2.3 shows the representative spectra of fresh and gelled yolk samples measured 
over the span of five days. Peaks 1, 2, 3, and 4 are not indicated in the figure but are assigned in 
order of increasing mobility of proton pools: Peak 1 with the lowest T2 to Peak 4 with the highest 
T2. As previously discussed, three peaks were detected for approximately half of the 
measurements of fresh yolk, while four peaks were detected for the other half. This only 
occurred on the first day of testing. On days 2 and 3, the spectra of fresh yolk consistently 
showed three peaks, similar to the spectra of fresh yolk on the first day (Figure 2.3). However, T2 
shifts and peak-broadening was apparent in Peaks 1 and 2 on the second and third day (Figures 
2.3, 2.4), though PP was unchanged (Figure 2.5). Additionally, the T2 shifts were minor in Peak 
2 of fresh yolk. On the fourth and fifth days, four well-defined peaks were detected by the 
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spectrometer. In comparing the general shape of the spectra of fresh yolks throughout the five 
days, the samples were relatively stable if kept in refrigeration storage (4°C) for the first three 
days. However, the changes in T2 on the second and third day suggest that optimal measurement 
time for the matrix mobility study of fresh yolks was the first day, immediately after yolk 
separation and NMR sample preparation.  
 Gelled yolk measurements were more stable than fresh yolks throughout the 5-d study. 
Four peaks were detected each of the five days (Figure 2.3), but the spectra of the fourth day 
changed drastically compared to days 1-3 and 5. While T2 were unchanged (Figure 2.4), the 
proton pool with the greatest PP switched from Peak 2 to Peak 1 on the fourth day (Figures 2.3, 
2.5). On day 5, the PP of all peaks of the gelled yolk returned to the same values as observed in 
the first three days. This suggests that the fourth-day change in CPMG spectra was a result of 
operator error rather than instrumental error or, less likely, changes occurring within the gelled 
yolk matrix during refrigeration storage. It is possible that the samples were not homogeneous in 
regards to temperature distribution throughout the tubes, although measures were taken to 
eliminate this source of error. In general, the matrix of gelled yolks as detected by low-resolution 
1H NMR spectroscopy was stable throughout five days of storage.  
 
Reproducibility study 
 The reproducibility of the three repeated trials conducted on fresh and gelled yolk from 
three separate egg purchases was acceptable based on the number of peaks detected as well as 
the general shape of the spectra (Figure 2.6). Three peaks were detected in fresh yolk for 
approximately half of the measurements for each trial, while four peaks were detected in the 
other half. Four peaks were detected in the gelled yolk spectra of all three trials. However, 
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detailed analysis showed that while peak shapes looked similar within fresh yolk samples and 
within trials, inconsistencies were observed in gelled yolk samples within trials. Significant 
differences (p < 0.05) were found primarily among the T2 of all four gelled yolk peaks, though 
some differences were found in the PP of the gelled yolk as well (Table 2.1). There were no 
significant differences for the majority of T2 and PP of the fresh yolk within trials.  
In fresh yolk samples, significant differences were found only in Peak 2 T2 and Peaks 2 
and 3 PP (Table 2.1). However, the differences between the three trials of Peak 2 T2 (average 
17.0 ms) are minor and are between 0.4 to 0.6 ms. Differences between the three trials of Peaks 2 
and 3 PP are also minor, ranging 1.0–2.5% and 0.8–1.8%, respectively. While the values are 
considered statistically different by one-way ANOVA with Tukey pairwise adjustment, it is 
unclear whether the values are practically different. Instrument sensitivity was high in regards to 
detecting proton pools belonging to different components, but that high sensitivity may be 
contributing to the detection of yolk components that were only slightly different from batch to 
batch. The yolk components may essentially be the same but were detected as different because 
CPMG results are highly dependent on external conditions such as the measurement temperature 
which affects sample temperature. The matrix of the yolk may display subtle changes from a 
macroscopic perspective yet will translate to large changes from a nanoscopic perspective as 
detected by the highly-sensitive spectrometer. By applying this reasoning, the differences 
observed in fresh yolk matrix across trials may not actually be significant. 
It is more problematic to apply the same reasoning to the results observed in gelled yolk, 
as there were differences that could not be explained by the aforementioned rationale. Peak 1 T2 
of gelled yolk within and between trials was significantly different. The p-value was less than 
0.001, so differences were less likely attributed to chance. Similarly, differences found in Peaks 
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2 and 3 T2, as well as Peaks 1 and 4 PP, have a p-value less than 0.0001 and were even less 
likely to be attributed to chance. Differences between the trials of gelled yolk samples were real.  
It was highly likely that the differences arose from sample preparation. The lack of 
significant differences within trials of the fresh yolk indicated that there were no differences 
between the three batches of egg yolks. Sources of error could be the freezing and thawing 
preparation and the NMR tube sample preparation. Freezing and thawing rates may be different 
between batches, affecting matrix interaction. It is imperative that freezing, thawing, and NMR 
tube preparations, as well as sample measurement conditions, are completely standardized and 
executed in the same manner each time in order to yield the same reproducible results. 
 
Summary 
Three 1H NMR experiments were conducted in the development of a nuclear magnetic 
resonance spectroscopic technique to study the matrix mobility of fresh and gelled egg yolk. The 
first study showed the effects of composition changes in yolk and was necessary in order to 
identify the peaks using CPMG sequence. Water and lipid causes clear changes in the 1H NMR 
spectra. With moisture removal by freeze-drying, lipids that previously interacted with water 
molecules were freed, resulting in increased mobility of the peak corresponding to protons of 
lipids and lipid-water interactions. The addition of water increased the mobility of all proton 
pools. Four proton populations were successfully assigned to different components in yolk. The 
least mobile proton pool, Peak 1, was assigned to protein or interactions between protein, lipid, 
and water. The most mobile proton pool, Peak 4, was assigned to unbound water or 
exchangeable protein or lipid protons. Peaks 2 and 3 were assigned lipid and lipid-water 
interactions.  
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 The second test studied sample stability of fresh and gelled yolks stored in tubes at 4°C 
over a period of five days. Preliminary data showed that samples may not have been stable 
enough to run measurements on samples stored for longer than three days, and that there was an 
optimal measurement time. Experimental results indicated that fresh yolks should be measured 
within the first 24 h after yolk separation and NMR tube preparation. Gelled yolks were stable 
for the first 3 d in refrigeration storage. For consistency, all samples should be measured on the 
same day of preparation in future tests. 
 The robustness of the instrument and methodology was determined with a third test. 
Three trials conducted on three different batches of fresh and gelled yolk samples each showed 
that 1H NMR measurements of fresh yolk were consistent and highly reproducible. However, 
spectra of gelled yolk were inconsistent within trials and were not as reproducible as the trials 
conducted on fresh yolk samples. Because gelled yolks were prepared from the same batches of 
eggs as the fresh yolks, differences were attributed to errors in sample preparation and not the 
instrument. It is extremely important that conditions are highly regulated and that tests are 
consistently executed so that any differences found in the T2 or PP of the samples is a result only 
of changes in the sample matrix. 
 The use of 1H NMR spectroscopy to study hen egg yolk gelation induced by freeze-
thawing is a novel one. Most of the techniques used to study yolk gelation considers macroscopic 
changes such as viscosity increase, but NMR spectroscopy offers a nanoscopic view of the 
changes occurring upon yolk gelation. In addition, 1H NMR spectroscopy is a non-destructive 
technique and was shown to have the ability to confirm the identities of yolk components and 
detect changes in the matrix. The method developed in this research was sensitive, and 
repeatable measurements were obtained. Therefore, these experiments may offer added value to 
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the study of yolk gelation, particularly in determining the changes in yolk matrix mobility as a 
result of freezing and thawing.  
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Figure 2.1  Expected and actual CPMG spectra of yolk. Peaks of actual spectra 
correspond to components which had not been identified until the completion of this 
study. 
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Figure 2.2  T2 (top) and PP (bottom) of fresh yolk and yolk with varying compositions. 
Abbreviations are F, fresh yolk; L-25, lyophilized yolk reconstituted to 25% water 
(wb); L-50, lyophilized yolk reconstituted to 50% water (wb); L-75, lyophilized yolk 
reconstituted to 75% water (wb); D, delipidated yolk; D-10, delipidated yolk with 10% 
added lecithin (wb); D-30, delipidated yolk with 30% added lecithin (wb). * denotes a 
sample in which a different number of peaks was observed in approximately half of the 
measurements. Three peaks were observed in half the measurements of fresh yolk (F1) 
and four peaks were observed in the other half (F*1). Values with different letters 
within peaks are significantly different (p < 0.05). 
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Figure 2.3  Representative CPMG spectra of fresh (left) and gelled yolk (right) obtained each of five days 
of refrigeration storage. Abbreviations are F, fresh yolk; G, gelled yolk. Numbers following F and G (1-5) 
denote day of storage at 4°C. * denotes a sample in which a different number of peaks was observed in 
approximately half of the measurements. Three peaks were observed in half the measurements of 1 d 
fresh yolk (F1) and four peaks were observed in the other half (F*1).  
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Figure 2.4  T2 of Peak 1 (A), 2 (B), 3 (C), and 4 (D) of fresh and gelled yolk over five days of 
refrigeration storage. Abbreviations are F, fresh yolk; G, gelled yolk. * denotes a sample in which a 
different number of peaks was observed in approximately half of the measurements. Three peaks were 
observed in half the measurements of 1 d fresh yolk (F) and four peaks were observed in the other half 
(F*). 
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Figure 2.5  PP of Peak 1 (A), 2 (B), 3 (C), and 4 (D) of fresh and gelled yolk over five days of 
refrigeration storage. Abbreviations are F, fresh yolk; G, gelled yolk. * denotes a sample in which a 
different number of peaks was observed in approximately half of the measurements. Three peaks were 
observed in half the measurements of 1 d fresh yolk (F) and four peaks were observed in the other half 
(F*). 
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Figure 2.6   Representative CPMG spectra of fresh and gelled yolk of three 
repeated trials. Abbreviations are F, fresh yolk; G, gelled yolk. Numbers 
following F and G (1-5) denote trial number. * denotes a sample in which a 
different number of peaks was observed in approximately half of the 
measurements. Three peaks were observed in half the measurements of fresh 
yolk (F1, F2, and F3), and four peaks were observed in the other half (F*1, 
F*2, and F*3).
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CHAPTER 3: DETERMINATION OF THE GELATION 
MECHANISM OF FREEZE-THAWED HEN EGG YOLK 
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Abstract 
 A study of yolks stored up to 168 d at –20°C was conducted to determine the gelation 
behavior and mechanism of freeze-thawed yolk. Methods used were rheology, native and sodium 
dodecyl sulfate polyacrylamide gel electrophoresis (Native- and SDS-PAGE), differential 
scanning calorimetry (DSC), transmission electron microscopy (TEM), particle size analysis, and 
proton nuclear magnetic resonance (1H NMR) spectroscopy. Results indicated that constituents 
of plasma and granules contributed to gelation. PAGE analyses suggested that phosvitin 
aggregated during freeze-thaw, and intermolecular disulfide bonding between high-density 
lipoproteins occurred. TEM suggested the liberation of granular components. Increasing gel 
strength and particle size and decreasing water and lipid-water mobility indicated that 
lipoproteins or apolipoproteins aggregated. At storage times ≥ 84 d, increased protein and lipid 
mobility and the detection of smaller particles suggested the liberation and aggregation of 
constituents from previously-formed aggregates. Disruption of the gelled yolk matrix observed 
with TEM supported that ice crystal formation was required for gelation to occur. 
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Introduction 
Food processors use hen egg yolk as a highly nutritional and functional ingredient in a 
variety of products such as mayonnaise, salad dressings, cakes, and custards (Kiosseoglou, 
2003). Yolks are frozen for increased shelf-life (up to ~1 yr) and ease of transport and storage 
(McKee, 2004). However, after freezing (at ≤ –6°C) and thawing of yolk, an undesirable 
phenomenon termed gelation occurs (Moran, 1925). Gelation is an irreversible loss of fluidity 
which results in reduced yolk functionality and dispersibility (Powrie, Little, & Lopez, 1963). 
The food industry practices the addition of 2–10% salt, sugar, or corn syrup to yolk to minimize 
gelation (AEB, 2013). Yolk gelation has been studied extensively, but methods based on newer 
technology can add to the knowledge on the mechanism of yolk gelation.  
Despite extensive research on freeze-thaw gelation of yolk, its mechanism has not been 
fully elucidated. This is largely due to the conflicting results reported by many groups of 
researchers. The most popular explanation of the yolk gelation mechanism is aggregation of low-
density lipoproteins (LDL) of yolk plasma. However, there is disagreement on the mechanism of 
LDL aggregation. Telis and Kieckbusch (1997) proposed that the breaking of LDL micelle is the 
first step of gelation, and as freezing progresses, dehydration of apolipoproteins leads to LDL 
aggregation. Kurisaki, Kaminogawa, and Yamauchi (1980) suggested that during freeze-thaw, 
surface components of LDL are liberated and the newly-exposed sites participate in aggregation. 
Wakamatu, Sato, and Saito (1982) disagreed, attributing LDL aggregation to conformational 
changes of LDL, not liberation of LDL components. Kumar and Mahadevan (1970) and 
Mahadevan, Satyanarayana, and Kumar (1969) suggested that LDL aggregation is a result of the 
interaction of protein molecules after disruption of lecithin-protein bonds. 
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The majority of studies emphasized the role of plasma LDL and/or only studied plasma 
LDL to determine the mechanism of yolk gelation (Kumar & Mahadevan, 1970; Kurisaki, 
Kaminogawa, & Yamauchi, 1980; Mahadevan, Satyanarayana, & Kumar, 1969; Saari, Powrie, & 
Fennema, 1964; Sato & Takagaki, 1976; Telis & Kieckbusch, 1997). A few studies considered 
the role of granules in the gelation mechanism. Wakamatu, Sato, and Saito (1982) stated that 
they could not exclude granular LDL (LDLg) in the participation of LDL aggregation because 
the lipid composition of plasma and granules LDL were very similar. Chang, Powrie, and 
Fennema (1977a) proposed that liberated LDLg contributed to yolk gelation. Powrie, Little, and 
Lopez (1963) also suggested that an interaction between granules and plasma LDL led to 
gelation. Many different proposed mechanisms of yolk gelation exist, yet most researchers 
agreed that removal of water via ice crystal formation is necessary for gelation to occur. 
The objective of this research was to determine the gelation behavior and mechanism of 
freeze-thawed hen egg yolk with traditional and novel techniques. The gained knowledge can be 
used to develop techniques to reduce or prevent gelation without the use of salt or sugar for the 
production of low-sodium, low-sugar, sodium-free, or sugar-free foods containing freeze-thawed 
yolk. We hypothesize that gelation occurs via aggregation of plasma LDL. Aggregation is a 
result of two factors: disruption of lipoprotein particle surfaces and concentration of yolk 
components due to formation of large ice crystals during freezing. The formation of large ice 
crystals via slow cooling is required, as it has been proven that gelation does not occur with 
supercooling of yolk in liquid nitrogen or oxygen (Jaax & Travnicek, 1968; Mahadevan, 
Satyanarayana, & Kumar, 1969). Large ice crystal formation removes water that is necessary for 
the structural integrity of the LDL phospholipid monolayer (Meyer & Woodburn, 1965), altering 
the conformation of apo-LDL. Hydrophobic regions which were previously inaccessible can 
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become available to participate in protein-protein interactions after dehydration. It is also 
hypothesized that granules or components of granules participate in gelation by acting as a 
stabilizing force in the gel network. Thus, it is important to study the whole yolk, not just the 
plasma fraction, to determine the gelation mechanism.  
Past research showed that the properties of yolk-containing products were affected by the 
use of yolks frozen for varying lengths of time up to 120 d (Huang, Wang, Han, & Lu, 
Unpublished results). In this study, fresh and gelled yolk (stored at –20°C for 0, 1, 3, 7, 14, 28, 
84, and 168 d and thawed) were examined to determine the effect of varying frozen storage times 
on yolk gelation. Our preliminary results indicated that frozen storage time had an effect on 
gelation. This research focused on physical and chemical analyses of fresh and gelled yolk to 
determine the degree and mechanism of gelation. These included the study of gel mechanical 
properties with small deformation rheology, particle size distribution by particle size analysis, 
matrix mobility via proton nuclear magnetic resonance (1H NMR) spectroscopy, protein changes 
by native and sodium dodecyl sulfate polyacrylamide gel electrophoresis (Native- and SDS-
PAGE), water changes by differential scanning calorimetry (DSC), and microstructural 
rearrangement with transmission electron microscopy (TEM). Several of the aforementioned 
methods are novel techniques, defined as methods that have not previously been used to study 
yolk gelation. These are particle size analysis, 1H NMR spectroscopy, and Native-PAGE. The 
other methods used in this investigation had been used in past studies and were regarded as 
traditional techniques, though all were modified to obtain measurements of interest based on the 
hypothesis. 
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Materials and Methods 
Materials 
Large grade A white shell eggs were purchased from retailers in Ames, IA. The shell 
eggs were distributed by farms located within 300 mi of the Ames retailers. Hen breeds varied 
and included Hy-Line W36 and Bovan White, and hen age was 18–110 wk. The feed comprised 
of ground corn and soymeal, and vitamins and minerals were added based on the nutritional 
needs of the hens (RAF, 2014). The hens were housed in battery cage systems with standardized 
lighting and temperature, and the temperature was adjusted depending on the age of the hen 
(Schepman & Clayton, Personal communication). Eggs were purchased at least 14 d before the 
sell-by date, i.e., 30 d after the packing date. Eggs were held for no more than 16 d in 
refrigeration temperature (4°C) during transportation as well as storage at the retailer and at the 
research laboratory. Both the packing and sell-by dates were obtained from the printed 
information on the retail packaging.  
 
Egg yolk separation 
 Yolk samples were prepared from raw eggs no more than 16 d after the packing date. 
Yolks were separated using a modified version of the method by Powrie, Little, and Lopez 
(1963). Yolks were separated from the albumen, and the chalazae of each yolk was carefully 
removed. The albumen and chalazae were discarded. The yolk with intact vitelline membrane 
was washed carefully in a shallow basin of Milli-Q water. Ultrapure, or Milli-Q water, was 
obtained from deionized water purified with Milli-Q® Reagent Water System (EMD Millipore, 
Darmstadt, Germany). Each yolk was rolled on a sheet of paper towel to remove remaining water 
and albumen. Once clean, the vitelline membrane was pierced and yolk was drained into beaker. 
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After completing the yolk harvest for all eggs, the yolks in the beaker were stirred slowly with a 
stir rod for 1 min to ensure sample homogeneity. Yolks were frozen immediately or stored in a 
4°C refrigerator for more than 24 h before freezing. 
 
Yolk freezing and thawing 
For all analyses excluding rheological tests, 100 mL of yolk was poured in 10-mL 
portions into ten 25-mL polystyrene vials with snap-on polyethylene lids. Strips of plastic 
paraffin film, Parafilm (Beemis Company, Inc., Oshkosh, WI), were wrapped over the lid around 
the circumference of the vial. Up to five vials were vacuum sealed in a vacuum bag with a 
FoodSaver® V222 vacuum sealing system (SunBeam Products, Inc., Jarden Consumer Solutions, 
Boca Raton, FL) to reduce freezer burn. The vacuum-sealed bags of yolk vials were submerged 
in the reservoir of a Haake SC 100 refrigerated/heated bath circulator (Thermo Fisher Scientific, 
Waltham, MA) filled with 1:1 ethylene glycol:Milli-Q water at 0°C. The bath was then set to  
–20°C. After the samples reached –20°C at a cooling rate of 0.3–0.5°C/min, the yolks were held 
in the –20°C bath for 3 h. The frozen yolks were stored in a –20 ± 2°C upright freezer for the 
designated amount of time (1, 3, 7, 14, 28, 84, and 168 d). Yolks were transferred from the 
freezer to thaw for 1 h in a 25°C Neslab GP-300 water bath (Neslab Instruments, Inc., 
Portsmouth, NH). Gelled yolks were analyzed immediately after thawing. Fresh yolks were 
analyzed no later than 6 h after separation, and if storage was required the yolks were kept at 4°C 
until analysis.  
Gelled yolk samples were prepared differently for rheological tests. Yolk disks (35 mm 
diameter, 3 mm thick) were prepared in an aluminum mold plate (23.2 cm length, 7.2 cm width, 
3 mm height) with five circles of 35 mm-diameter cutouts. A custom aluminum apparatus 
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composed of two heat transfer blocks (23.2 cm length, 7.2 cm width, 2.5 cm height), as shown in 
Figure 3.1, was connected with plastic tubing to the inlet and outlet ports of the Haake SC 100 
refrigerated/heated bath circulator (Thermo Fisher Scientific, Waltham, MA). The bottom heat 
transfer block was placed on a flat surface, level with the inlet/outlet ports of the Haake SC 100 
bath. A 1:1 ethylene glycol:Milli-Q water mixture was circulated through the blocks (top holding 
plate = inlet, bottom holding plate = outlet). When the refrigerated bath reached 0°C, a sheet of 
Parafilm was placed over the bottom block. The aluminum mold plate was placed over the 
Parafilm, the five cutouts were filled with raw egg yolk, and another sheet of Parafilm was used 
to cover the mold plate. The top heat transfer block was quickly fitted over the filled mold plate 
and was screwed into place with wing nuts, ensuring the formation of uniform yolk disks of 3 
mm thickness. The bath was set to –20°C immediately after depositing the yolk and assembling 
the apparatus. After reaching –20°C at a cooling rate of 0.3–0.5°C/min, the yolks were held in 
the apparatus for 3 h. The mold plate and two Parafilm sheets were then removed from the 
blocks and vacuum sealed in a vacuum bag with a FoodSaver® V222 vacuum sealing system 
(SunBeam Products, Inc., Jarden Consumer Solutions, Boca Raton, FL) to reduce freezer burn. 
The samples were stored in a –20 ± 2°C upright freezer for the designated amount of time (1, 3, 
7, 14, 28, 84, and 168 d).  
On the day of analysis, control samples were prepared. Raw yolks cannot be used for the 
type of rheological test used in this study. The test requires samples of a fixed diameter and 
thickness, and these dimensions cannot be controlled with raw yolk. A 0 d gelled yolk was used 
in place of the fresh yolk control. The 0 d gelled yolk control was prepared as above, but 
rheological measurements were made immediately after the –20°C 3 h holding period in the heat 
transfer apparatus. The 0 d gelled yolk control was included in tests utilizing instruments with 
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high sensitivity to the changes expected in fresh versus gelled yolk: particle size analysis (high 
sensitivity to particle size), matrix mobility measurements (high sensitivity to molecular 
mobility), and free water experiments (high sensitivity to free water changes). The 0 d gelled 
yolk control was not used in microstructure imaging and protein characterization. 
 
Egg yolk fractionation 
 Whole fresh yolk and gelled yolk samples were fractionated into plasma and granules 
with a method modified from Anton (2013) and McBee and Cotterill (1979). Mixtures of 1:1.5 
(v/v) yolk:Milli-Q water were prepared in beakers and stirred on a stir plate for 1.5 h. Then, 35 
mL of the yolk:water mixture were aliquoted to 50 mL conical polypropylene centrifuge tubes 
each. The tubes were transferred to a FIBERLite F15-8x-50cy fixed angle rotor in a Sorvall 
Legend XT centrifuge (Thermo Fisher Scientific, Osterode, Germany) and centrifuged at  
10,000 × g for 45 min at 4°C. The plasma, or supernatant, was collected and centrifuged again 
with the same parameters. The plasma was collected for analysis after the second centrifugation. 
Only the granules, or pellet, from the first centrifugation was used for analysis. Both fractions 
were stored in capped tubes at 4°C for no more than 12 h before PAGE sample preparation and 
analysis. 
 
Whole yolk and yolk plasma delipidation 
 Lipids that may interfere with protein separation by PAGE were removed from whole 
yolk and yolk plasma using the method of Cham and Knowles (1976). Aliquots of yolk or 
plasma of 5 mL were placed in 50 mL conical polypropylene centrifuge tubes each, and 10 mL 
of 1:1.5 (v/v) analytical grade 1-butanol:di-isopropyl ether (B-DIPE) (Fisher Scientific, 
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Pittsburg, PA) was added. The tubes were placed in a rack and mixed for 30 min on a 
Thermolyne Roto Mix Type 50800 Shaker (Barnstead International, Dubuque, IA). The tubes 
were then transferred to an Eppendorf A-4-62 rotor in an Eppendorf 5810-R centrifuge 
(Eppendorf AG, Hamburg, Germany) and centrifuged at 500× g for 5 min at 25°C. The top 
organic layer with dissolved lipids was extracted with a glass Pasteur pipet and discarded. The 
bottom aqueous layer was centrifuged again with the same conditions, and the resulting organic 
layer was discarded. The delipidated samples were capped and stored at 4°C no more than 12 h 
before PAGE sample preparation and analysis. 
 
Rheological analysis 
After frozen storage, the yolk samples were prepared for rheological analysis using a 
Haake RS 150 rheometer (Gebrüder HAAKE, Karlsruhe, Germany) with a serrated parallel 
plate. The samples were removed from the freezer, and one disk was removed from the 
aluminum mold plate at a time. Only after thawing and completion of the test was another disk 
removed from the plate for testing. A polyvinyl chloride (PVC) cylindrical plunger (35 mm 
diameter, 62 mm height) was used to push the disk out of the mold and onto a 65 x 65 mm 
square of type 60 coarse sandpaper (3M, St. Paul, MN) to thaw on a benchtop at room 
temperature for 15 min. In preliminary tests, a noticeable film formed across the disk surface 
after 17 min due to drying from overexposure of the yolk to the surrounding air. After the 15 min 
thaw, the disk and sandpaper were transferred and the sandpaper fixed to the rheometer platform 
with packing tape. The use of sandpaper and the serrated plate ensured accurate measurement of 
the samples since slipping of the sample on either side of the disk was prevented. 
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One control, 0 d gelled yolk (C0d), and seven treatments (1, 3, 7, 14, 28, 84, 168 d) were 
measured using the rheometer. Eight disks (replicates) per sample were subjected to an 
oscillatory stress sweep used to test yolk properties. The serrated parallel plate descended to a 
gap of 3.05 mm, the distance from the sandpaper to the plate, at which the plate just touches the 
surface of the disk. The disk must not be deformed at this point, since material pushed out from 
under the plate distorted readings. The 10–300 Pa stress sweep was performed with a 35 mm-
diameter serrated titatnium parallel plate (Gebrüder HAAKE, Karlsruhe, Germany) at a 
frequency of 1 Hz with 40 steps (data points). The platform temperature was regulated at a 
constant 20°C by a Thermo Haake F6-C25 refrigerated circulator bath and TC-81 Peltier 
temperature system (Gebrüder HAAKE, Karlsruhe, Germany) connected to the rheometer. The 
average elastic modulus, G’, within the linear viscoelastic range (LVR) was reported as a 
measurement of gel hardness. The LVR is the period in which G’ is constant and the material 
acts as a solid; at least ten G’ data points were collected from the linear region of the stress 
sweep plot. The point at which the material deforms is the yield stress, σ*, another measurement 
of gel strength. Yield stress is the amount of stress required to induce flow and was calculated as 
the stress at which a 10% reduction in the average G’ of LVR was achieved. 
 
Particle size analysis 
 Particle size distributions of fresh and gelled yolk were measured using an angular light 
scattering, or laser diffraction (LD), method. Two controls, fresh (CF) and 0 d gelled yolk (C0d), 
and seven treatments (1, 3, 7, 14, 28, 84, 168 d) were measured in triplicate using a Malvern 
Mastersizer 2000 particle size analyzer with Hydro 2000 MU large volume wet sample 
dispersion unit (Malvern Instruments, Inc., Worchestershore, UK). Plasma and granule fractions 
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of the fresh yolk control were also measured to identify the populations detected in the particle 
size distribution of whole fresh yolk. All samples were diluted 1:1.5 (v/v) sample:Milli-Q water 
and mixed for 1.5 h on a stir plate until homogenous. Diluted samples were added drop-wise to a 
2 L-beaker of deionized water used with the wet sample dispersion unit. Measurements were 
made when obscurations of 10–15% were reached after sample addition to the Hydro 2000 MU 
and Mastersizer. Obscuration is the fractional loss of light intensity when compared with the 
intensity taken during a background measurement (Beekman, Shan, Ali, Dai, Ward-Smith, & 
Goldenberg, 2005). Two refractive indices (RI) were used in the measurements: the RI of the 
water/background, 1.00, and the RI of the yolk/sample, 1.42 (Kralik, Kralik, Suchý, & Straková, 
2009). Percentile diameters d (0.1), d (0.5), and d (0.9) were reported and indicated that 10, 50, 
and 90%, respectively, of the volume distribution was below that diameter. The surface area 
moment mean or Sauter Mean Diameter, D [3, 2], and the volume moment mean or De 
Brouckere Mean Diameter, D [4, 3], were also reported. The surface area moment mean is 
relevant where specific surface area is important and is most sensitive to fine particulates. The 
volume moment mean reflects the size of particles that constitute the majority of the sample 
volume and is most sensitive to large particulates (Malvern, 2012). 
 
Matrix mobility experiment 
Two controls, fresh (CF) and 0 d gelled yolk (C0d), and seven treatments (1, 3, 7, 14, 28, 
84, 168 d) were measured with the 1H NMR spectrometer. Flat-bottom glass NMR tubes (10 mm 
diameter, 180 mm length) were prepared in triplicate for each sample. Six runs were completed 
for each tube for a total of 18 measurements per sample. Tubes were filled with yolk samples to 
a height of 4 cm and capped. Proton relaxation measurements were performed on a Bruker 
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minispec mq-20 low-resolution spectrometer (Bruker, Rheinsteetten, Germany) at a resonance 
frequency of 20 MHz. Immediately before measurement, capped samples were held at 20°C in a 
Duratech TCON 2000 high precision dry bath system (Duratech, Carmel, IN) for 60–70 min. 
The probe head was regulated at a constant temperature of 20°C by a Julabo F25-ED 
refrigerated/heated circulator (Julabo GmbH, Seelbach, Germany) connected to the minispec. 
Temperature regulation ensured that temperature fluctuations during measurement would not be 
a factor contributing to possible differences observed in proton relaxation of the samples. 
 The Carr-Purcell-Meiboom-Gill (CPMG) pulse sequence was used to measure T2 
between 0.2 and 1000 ms. The pulse separation between the 90° and 180° pulse was 2.28 and 
4.98 µs, respectively, and 600 data points were collected. For CPMG measurements, 8 scans 
were made with a 15.0 s recycle delay. Relaxation curves were fitted to a continuous distribution 
of exponentials using the Inverse Laplace Transformation (ILT) algorithm (Bruker software), 
also referred as the CONTIN algorithm of Provencher (1982). T2 is reported for each peak in 
milliseconds (ms). Proton populations (PP), or areas of the peaks, are proportional to the relative 
quantities of yolk component and are expressed in percentage (%) normalized for each sample. 
Proton populations were normalized by transforming the peak areas into percentages where the 
sum of all peaks was 100%. 
 
Free water measurement 
Differential scanning calorimetry (DSC) was performed on two controls, fresh (CF) and 0 
d gelled yolk (C0d), and seven treatments (1, 3, 7, 14, 28, 84, 168 d) with a PerkinElmer PYRIS 
Diamond differential scanning calorimeter with HyperDSC (PerkinElmer Inc., Waltham, MA). 
Exothermic and endothermic transition heats of 2–5 mg of sample in standard aluminum 
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hermetic pans with sealed lids were measured in triplicate. Scanning conditions were modified 
from Kamat, Graham, Barratt, and Stubbs (1976) and Wakamatu, Sato, and Saito (1983). Each 
sample was held for 1 min at 25°C, cooled to –30°C at 10°C/min and held at that temperature for 
1 min, then heated from –30°C to 25°C at 10°C/min.  
Peak temperature and the heat of transition, or change in enthalpy (ΔH), of exothermic 
and endothermic peaks were obtained. The amount of freezable or free water in yolk (g/g solid) 
was calculated as described by Wakamatu, Sato, and Saito (1983), where the exothermic or 
endothermic heat was divided by the corresponding heat of transition of pure water. Freezable 
water content is reported as the average of the exothermic and endothermic ΔH values. The heats 
of transition of Milli-Q water used in freezable water calculations were measured using the 
aforementioned scanning parameters and was determined to be 215.09 ± 32.75 J/g for cooling 
and 253.69 ± 40.54 J/g for heating. 
 
Protein characterization by gel electrophoresis 
Proteins of one control, fresh yolk (CF), and one treatment (7 d) were studied with native 
and sodium dodecyl sulfate polyacrylamide gel electrophoresis (Native- and SDS-PAGE), which 
was performed according to Bio-Rad instructions and a method modified from Laca, Paredes, 
and Díaz (2010). B-DIPE-delipidated whole yolk and yolk plasma were also studied, as 
preliminary results showed less protein band distortion in defatted yolk and plasma. Samples 
were diluted so that each gel lane held about 30 µg protein in 20 µL solution for Native-PAGE 
and 20 µg protein in 20 µL solution for SDS-PAGE. Native-PAGE samples were diluted 1:2 
(v/v) in Bio-Rad native sample buffer (glycerol/Tris/water), and SDS-PAGE samples were 
diluted 1:1 (v/v) in a mixture of 95% Bio-Rad Laemmli buffer (Tris-HCl/glycerol/bromophenol 
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blue) and 5% β-mercaptoethanol by volume. SDS-PAGE samples were heated in boiling water 
for 6 min. Electrophoresis of all samples was run on Bio-Rad Mini-PROTEAN TGX precast 
polyacrylamide gels (4–20% gel, 10-well comb, 30 µL loading well) with the Mini-PROTEAN 
cell (Bio-Rad Laboratories, Inc., Hercules, CA) in an ice water bath. Bio-Rad native running 
buffer (Tris/glycine/methanol/water) and SDS running buffer (Tris/glycine/SDS/water) were 
used for Native-PAGE and SDS-PAGE, respectively.  
The proteins were stained for 15 min with a solution consisting of 0.1% (w/v) Coomassie 
Brilliant Blue G-250 (Sigma-Aldrich Co, Kansas City, MO), 50% methanol, 10% acetic acid, 
and 40% Milli-Q water. The gels were destained overnight with multiple washes of a solution 
containing 10% acetic acid, 15% methanol, and 75% water. Precision Plus Protein Dual Color 
Standards (BioRad Laboratories, Inc., Hercules, CA) were used as proteins standards. Three 
replicates of each gel were made, and the gels were scanned with an ImageScanner flatbed 
scanner (Amersham Pharmacia Biotech Inc., Piscataway, NJ). Gels with representative protein 
separation of each sample were processed with Image Processing and Analysis in Java software, 
ImageJ (National Institutes of Health, Bethesda, MD), for densitometric analysis. To allow 
comparison of proteins in different gels, scanned gel images were calibrated with an external 
standard following the NIH optical density calibration procedure (NIH, 2012). Each lane was 
plotted as a density spectrum where each peak represented a protein band. The number of protein 
bands and the optical density, or peak area, of each band was determined. Density is reported in 
optical density units (OD). 
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Microstructure imaging by transmission electron microscopy 
Fresh and gelled yolk samples were prepared for transmission electron microscopy 
(TEM) by encapsulating the yolk in 2% agar. One control, fresh yolk (CF), and six treatments (1, 
3, 7, 28, 84, 168 d) were studied by TEM with and without osmium tetroxide fixation. A total of 
14 samples were prepared for imaging. Ten rectangular plugs (3 mm width, 4 mm length) were 
formed for each sample by placing small portions of yolk in cylindrical holes (2 mm diameter, 3 
mm length) of a 2% agar Petri plate. The top of the filled holes were sealed with a thin layer of 
warm agar which was left to cool at room temperature. The agar was removed and plugs were 
cut to size with a razor blade. Further preparation of samples (e.g., fixation, staining, 
dehydration) were completed with a modified method of Mineki and Kobayashi (1997). The yolk 
plugs were fixed with 3% paraformaldehyde and 4% glutaraldehyde in a 0.1 M sodium 
cacodylate buffer (pH 7.2) for at least 1 d at 4ºC. Plugs were then washed with 0.1 M sodium 
cacodylate buffer 3 times, 10 min each and either post-fixed with 1% osmium tetroxide in the 
same buffer for 1 h or held in buffer for 1 h. All samples were washed in deionized water and en-
bloc stained with 2% aqueous uranyl acetate for 1 h. The samples were dehydrated by an ethanol 
series (25, 50, 70, 80, 85, 90, 95, 100% ethanol), then infiltrated and embedded with Spurrs’ 
epoxy resin (hard), polymerized at 65°C for 48 h. All chemicals and supplies were provided by 
Iowa State University Microscopy and NanoImaging Facility (MNIF). Sections of 60–90 nm 
thickness were cut with a Leica UC6 ultra-microtrome (Leeds Precision Instruments, 
Minneapolis, MN, USA) and placed on carbon film copper grids. The samples were imaged with 
a JEOL JEM-2100 200 kV scanning and transmission electron microscope (JEOL USA, Inc., 
Peabody, MA) using a Gatan ultrascan 1000 digital camera (Gatan, Inc., Pleasanton, CA) at 
MNIF. 
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Statistical analysis 
Statistical analysis was carried out with JMP Pro 11, statistical software from Statistical 
Analysis System (SAS) Institute Inc. (Cary, NC). One-way analysis of variance (ANOVA) tests 
were conducted, and Tukey’s HSD (honest significant difference) test was applied for multiple-
pairwise comparison of samples. Significant differences were defined as having a p-value < 0.05. 
 
Results and Discussion 
Rheological analysis  
When the elastic modulus, G’, is constant, i.e., within the linear viscoelastic region 
(LVR), the sample stores the energy imparted to it and the macrostructure is not yet deformed. 
The average G’ within the LVR is a measurement of the solid-like behavior of a sample and is 
referred as gel hardness in this study. The G’ of gelled yolk increased significantly (p < 0.05) 
with increasing lengths of –20°C storage (Figure 3.2 A), suggesting that the gel network created 
by freeze-thawing yolks was affected by frozen storage time. The first six time points from 0 to 
28 d demonstrated an exponential increase in G’. G’ of 28 and 84 d were not significantly 
different (p > 0.05), indicating that gel hardness stabilized at those storage times. With further 
storage at –20°C, gel hardness increased, shown by the significant increase in G’ from 84 to 168 
d (p < 0.05). A similar trend of increasing gel strength was observed in the yield stress, σ*, of 
gelled yolk. Yield stress, the minimum amount of stress required to induce flow in the gelled 
yolk, increased significantly from 0 to 1 d and 84 to 168 d (p < 0.05) but was similar in the range 
of 1 to 84 d (Figure 3.2 B). It was important to determine σ* because it may be a predictor of the 
ease with which gelled yolk can be mixed into other ingredients during food processing, where 
higher σ* corresponds to greater difficulty mixing. Yield stress was less sensitive to storage time 
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at –20°C than gel hardness. For instance, G’ increased ~1001% after 168 d storage while yield 
stress increased ~328%. While the gel became significantly harder with increased storage time, 
the amount of force required to permanently deform the yolk was relatively stable in comparison. 
Telis and Kieckbusch (1997) studied the viscoelasticity of freeze-thawed yolk with a 
capillary rheometer and also found that the gel structure became stronger as storage time at  
–20°C increased. The longest storage time in that study was 22 h. The storage times of this study 
were much greater, and Figure 3.2 shows that the strength of the gel network, measured by G’ 
and σ*, increased from 0 d (or 4 h) to 168 d of –20°C storage. In addition, it is possible that the 
gel strength continues to increase beyond 168 d, since a plateau in the G’ or σ* plot, which 
would indicate a stabilized gel network, was not observed. Frozen yolk has a shelf life of about 
365 d, so a further study of yolks beyond 168 d should be conducted to monitor yolk structural 
change. 
It is proposed that holding yolks for extended periods of time gave the yolk components 
(e.g. water, LDL, or granules) the opportunity to interact in such a way that a strong network was 
created. The longer the frozen storage time, the greater the opportunity the components had to 
produce the strongest, most stable gel structure. Continual migration and interaction of yolk 
components during long periods of frozen storage is possible, leading to the strongest gel 
structure. The rheological properties of gelled yolk stored for various amounts of time illustrated 
that the yolk system is indeed a dynamic system even at –20°C.  
To determine what changes are occurring in the yolk on a microscopic level, the 
interactions of yolk components was studied with particle size analysis, 1H nuclear magnetic 
resonance spectroscopy, freezable water quantification, polyacrylamide gel electrophoresis, and 
transmission electron microscopy, as discussed subsequently.  
66 
 
 
 
Particle size analysis  
Figure 3.3 shows the particle size distributions of fresh yolk and its two major fractions, 
as well as yolk stored at –20°C for varying lengths of time before thawing. The plasma and 
granules of fresh yolk were measured in order to identify the two populations detected in the 
fresh yolk control (CF). In the particle size distribution of CF, the population with smaller 
particles ranged from ~0.1 to 1.3 µm in diameter with the highest frequency at ~0.4 µm dia, and 
the population with larger particles ranged from ~1 to 28 µm dia with the highest frequency at ~6 
µm dia (raw data not shown). The smaller particle size population of CF corresponded to the 
major population detected in the plasma fraction of the fresh yolk control (CFp). The particle size 
of CFp ranged from ~0.1 to 0.8 µm dia with the highest frequency at ~0.2 µm dia (raw data not 
shown). LDL, the major constituent of yolk plasma, behaved similarly in fractionated plasma and 
in whole yolk. In contrast, the behavior of granules was different in its isolated form compared to 
the behavior in its native environment. The population detected in granules isolated from fresh 
yolk (CFg) was ~0.1 to 4.4 µm dia range with highest frequency at ~1.0 µm dia (raw data not 
shown) and fell within both populations of CF but did not match the peak distribution of either.  
LDL are spherical particles ranging in diameter from 16 to 70 nm, and granules are 0.3–2 
µm dia circular complexes of HDL and phosvitin (Bellairs, 1961; Chang, Powrie, & Fennema, 
1977b). LDL are soluble in aqueous solutions due to its density (0.982 g/mL) (Anton, 2007), 
explaining the similar distribution measured in isolated plasma and in whole yolk, since both 
were dispersed in deionized water. Granules form 1–8 µm aggregates which are insoluble in 
whole yolk (6.0–6.4 pH) due to the numerous phosphocalcic bridges linking the HDL-phosvitin 
complexes (Anton, Nau, & Lechevalier, 2008; Burley & Cook, 1961; Sharp & Powell, 1931). At 
neutral pH, granule aggregates are disrupted via electrostatic repulsion induced by increased 
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negative charges on carboxylic groups, yielding soluble HDL micelles ranging from 100 to 200 
nm dia (Anton, Nau, & Lechevalier, 2008; Causeret, Matringe, & Lorient, 1991; Strixner, Sterr, 
Kulozik, & Gebhardt, 2014). During sample preparation for particle size analysis, granules were 
dispersed in deionized water. In this neutral pH environment, the granules were disrupted and 
detected as smaller particles, indicating its presence as a mixture of soluble micelles and smaller 
aggregates. This explains the difference in particle size distributions of granules in CFg and CF. In 
whole yolk, the granules are present as larger aggregates even though the whole yolk is dispersed 
in water for sample preparation and measurement. Previous studies showed the disruption of 
granule aggregates in the granule fraction and not the whole yolk (Causeret, Matringe, & 
Lorient, 1991; Strixner, Sterr, Kulozik, & Gebhardt, 2014). In its native yolk environment the 
granules may be protected from electrostatic repulsion, as the presence of soluble yolk 
components constituting the majority of yolk (i.e., LDL and the plasma protein, livetin) may 
reduce the effect of pH on granule disruption.  
There was a discrepancy in the sizes of plasma and granules given in the literature 
compared to those measured in this study. The measured particle sizes were larger than literature 
values by approximately one order of magnitude. The inaccurate particle size measurements 
likely arose from the RI value chosen for the quantification parameters. Effective optical 
parameters must be used in order to find good agreement between particle size results 
determined by laser diffraction (LD) and microscopy (Beekman, Shan, Ali, Dai, Ward-Smith, & 
Goldenberg, 2005). In this study, particle sizes of the samples were not compared with reference 
values for accuracy. Only relative comparisons among the particle size distributions of the 
samples were made. Thus, interpretation of the changes occurring in particle size distribution of 
the different yolk samples was still valid.  
68 
 
 
 
There were three major changes in the particle size distribution of yolks stored at –20°C 
for varying lengths of time. Differences were observed between the following groupings: CF vs 
all gelled yolks (C0d and 1–168 d), 1–3 d & 28–84 d vs 7–14 d, and 168 d vs all other samples. 
CF had two populations whereas all gelled yolks had one population with larger particle sizes 
(Figure 3.3). Furthermore, percentile diameters, surface area moment means, and volume 
moment means of CF were significantly different from all gelled samples (Appendix B2). In 
Figure 3.3, the general shape of the curves of 1, 3, 28, and 84 d samples were different from that 
of 7 and 14 d which had narrower distributions. In 168 d, there was a shift in the distribution of 
particle size that was not observed in any other sample. The highest frequency, or peak of the 
curve, decreased in 168 d whereas it increased in all other gelled yolk samples relative to CF and 
C0d. Thus, the diameter of the majority of yolk particles decreased in 168 d and increased in all 
other gelled yolk samples compared to CF and C0d. This trend was seen in the surface area and 
volume moment mean (D [3, 2] and D [4, 3], respectively) of the aforementioned sample 
groupings (Figure 3.4). The volume moment mean was especially important because it reflects 
the size of particles that constitute the majority of the sample volume. It is most sensitive to large 
particulates, and was therefore a crucial measurement when considering the hypothesis that 
gelation results from the formation of larger particles caused by aggregation of LDL or 
apolipoproteins during freeze-thawing. The surface area moment mean must not be neglected, as 
it was important to monitor the proportion of smaller particles (i.e., unaggregated LDL) present. 
Figures 3.3 and 3.4 shows that CF had the highest abundance of smaller particles, or 
smallest percentile diameters, compared to all gelled yolk samples. Significant increases in  
d (0.1), d (0.5), d (0.9), D [3, 2], and D [4, 3] were observed in CF, C0d, and 1d samples (p < 
0.05) (Figure 3.4, Appendix B2). As fresh yolk transitioned to zero storage gelled yolk and then 
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1 d gelled yolk, the particle size distribution shifted significantly towards particles with larger 
diameters. The same trend was observed in particle size results across all samples. The percentile 
diameters, surface area moment mean, and volume moment mean decreased slightly from 3 to 7 
d, remained constant at 14 d, increased up to 84 d, and finally decreased at 168 d. These changes 
were statistically different (Appendix B2) and correlated with the changes observed in yield 
stress of the samples. Particle size has direct influence on material properties such as viscosity, 
flowability, and texture (Malvern, 2012). In gelled yolks, particle size appeared to have a direct 
influence on the force required to change the solid-like behavior of the gel into that of a viscous 
liquid. 
The particle size distribution of gelled yolk shifted towards a greater population of larger 
particles after longer storage times at –20°C, as indicated by the significant increase (p < 0.05) 
of specific surface area and volume mean (Figure 3.4, Appendix B2). Accordingly, the yield 
stress of gelled yolk increased significantly after the first day of frozen storage (Figure 3.2 B). 
The yield stress of 1–84 d varied slightly but was consistent within the range of 150 to 225 Pa. 
At 168 d, σ* was approximately 300 Pa and significantly greater than others (p < 0.05). As 
surface area and volume moment mean increased from 1 to 84 d, yield stress increased. Based on 
this relationship, D [3, 2] and D [4, 3] of 168 d was expected to increase significantly from 84 d. 
However, both values decreased significantly at 168 d, and its D [3, 2] was comparable to C0d 
while its D [4, 3] was comparable to 7 and 14 d (Figure 3.4, Appendix B2). The distribution of 
particles shifted towards a greater abundance of smaller particles at 168 d as evidenced by the 
lower surface area and volume moment means (Figure 3.4), as well as the downward shift in the 
maximum relative volume (peak of the curve) in the representative volume weighted particle size 
distribution (Figure 3.3). This suggested the release of smaller particles or dissociation of the 
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aggregates among LDL particles and/or granules. These smaller particles may be composed of 
LDL, HDL, or proteins but had dissociated from the gel network after storage > 84 d at –20°C. 
The interpretation of changes observed in rheological and particle size analyses was further 
clarified after studying yolk at the nano and micro levels, particularly yolk matrix mobility using 
1H NMR spectroscopy, protein changes with PAGE, and gel network rearrangement with TEM. 
 
Matrix mobility  
 Figure 3.5 shows the overall variation in the matrix mobility of fresh and gelled yolk 
samples based on changes in spin-spin relaxation times (T2) and proton populations (PP) of the 
3–4 proton pools detected in egg yolk. In a previous study, Au (2015) interpreted the appearance 
of four peaks in half of the replicated measurements of only certain samples (CF and 84 d in this 
study) as a limitation in the instrument. The spectrometer may not be able to distinguish the two 
most mobile proton pools some of the time due to the complexity of the egg yolk system. The 
proton pools were identified from the least to most mobile (smallest to largest T2) as protons 
from 1) protein and interactions between protein, lipid, and water; 2 & 3) lipid and lipid-water 
interactions; and 4) unbound water or exchangeable protons of protein or lipid (Au, 2015). For 
ease of discussion, the proton pools are designated “Peak 1”, “Peak 2”, “Peak 3”, and “Peak 4.” 
The length of frozen storage at –20°C had a significant effect on T2 and PP of all proton 
pools of yolk, with the greatest changes occurring when comparing the following groupings: CF, 
C0d, & 1d; 3–28 d; and 84–168 d (Figure 3.5, Appendix C). The most notable difference among 
the three groups was the presence of four peaks in samples stored > 3 d. From 3 to 28 d, the two 
most mobile proton pools (Peak 3 and 4) showed continuous decrease in T2 and increase in peak 
resolution (Figure 3.5). T2 was expected to continue decreasing and peak resolution was 
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expected to continue increasing according to this trend. However, at 84 and 168 d, the two 
proton pools lost peak resolution, and the T2 increased slightly with increasing storage time 
(Figure 3.5). The most mobile proton pools (Peak 3 and 4) represent unbound water and/or 
exchangeable protons of protein or lipid. Results suggested that these components became more 
differentiated with increasing storage time, allowing for better detection by the 1H NMR 
spectrometer. The increased segregation of the two most mobile proton pools indicates increased 
differentiation of water states in yolk as affected by freezing time.   
In food, water is typically described as bulk water or bound water. Bulk water is free to 
participate in freezing and is also referred as free or freezable water. Bound water is the water 
bonded to hydrophilic groups on macromolecules and is unable to participate in freezing and 
other chemical reactions. The concept of free and bound water is key to understanding matrix 
mobility of food systems, but it is inaccurate to describe water only as such. Water does not exist 
as two discrete states. There is a continuum of free and bound water in food systems where many 
layers of water molecules form around macromolecules (Muffett, 1979; Ruan, 1998). The water 
layers furthest from the macromolecule have the highest mobility while the layers directly 
participating in hydrogen bonding with hydrophilic sites on the macromolecule have the lowest 
mobility (Hills, Tackacs, & Belton, 1990; Ruan, 1998).  
The increased peak resolution of the two most mobile proton pools from 3 to 28 d (Figure 
1.5) suggested that the continuum of bound and free water became more distinct as frozen 
storage time increased. Aggregation of yolk components such as LDL, HDL, and apolipoproteins 
explains the changes in the status of water over time. It is hypothesized that LDLs aggregate due 
to protein-protein interaction among the disrupted apolipoproteins caused by slow freezing. The 
removal of water results in the concentration of non-water molecules which is conducive to LDL 
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aggregation. At shorter frozen storage times, some removal of the water causes aggregation of 
yolk components, likely LDL. Extended storage at freezing temperatures below –6°C provides 
the yolk matrix time to reorganize into a more stable conformation. Continuous removal of free 
water may have contributed to rearrangement of LDL and/or HDL so that the yolk system will 
possess the lowest potential energy. After 28 d of frozen storage, particles continued to aggregate 
in such a way that water became trapped within the particle network. As the surface area of the 
network increased, the likelihood of interaction between water molecules and apolipoproteins 
increased. As these interactions increased with longer frozen storage, more and more previously 
free water became bound within the lipoprotein network. The states of water became more 
distinct but less mobile over time, explained by the increasing peak resolution and decreasing T2 
of the two most mobile proton pools.  
Indrawati, Stroshine, and Narsimhan (2007) confirmed the aggregation of β-lactoglobulin 
(β-LG), a globular milk protein, partly with 1H NMR spectroscopic measurements. The 
researchers found that increasing β-LG concentration had the same effect on T2 as heating a  
β-LG solution. Though the structure of β-LG and yolk LDL are different, the aggregation is 
similar so the effect on T2 is comparable between the two food components. With high 
concentrations of β-LG as well as application of heat and prolonged heating, β-LG form 
aggregates possessing a fractal pattern, and these fractal aggregates form a gel (Aymard, Gimel, 
Nicolai, & Durand, 1996; Indrawati, Stroshine, & Narsimhan, 2007). Based on the hypothesis 
regarding the gelation mechanism of yolk, gelation induced by freeze-thawing is a result of the 
formation of lipoprotein aggregates. The β-LG aggregate network structure determined by 
Aymard, Gimel, Nicolai, and Durand (1996) has a similar appearance to the proposed lipoprotein 
aggregate network shown in Figure 3.6.  
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The evolution of spin-spin relaxation rate (1/T2) of fresh and gelled yolk components 
(Peaks 1–4) is shown in Figure 3.7. Overall, it was clear that T2 rate of all yolk components was 
dependent on the length of storage at –20°C. The relaxation rate of Peak 3, the lipid-water proton 
pool, increased with the increase of frozen storage time. The lipid-water protons relaxed quicker 
as storage time increased, so they became less mobile. Peak 1 and 2 had the same pattern for the 
first three time points (1/T2 decreased from CF to C0d then increased slightly at 1 d), but different 
relationship was observed 3–168d. The relaxation rate of Peak 1, or the protein/protein-water 
pool, increased at 3 d, stabilized until 28 d, and then decreased from 84 to 168 d. The lipid/lipid-
protein protons of Peak 2 showed the opposite trend, where the relaxation rate decreased at 3d, 
stabilized until 28 d, and then increased from 84 to 168 d. This relationship indicates the 
exchange of protein and lipid protons during freezing storage. Yolk gelation is a result not just of 
changes in water and lipoprotein particle interactions but also interactions between yolk proteins 
and lipids. This interpretation still supports the LDL aggregation hypothesis, as disruption and 
conformational changes of apolipoproteins would affect the relaxation rates of protein and lipid. 
Dissociated or disrupted apolipoproteins would be available to interact with other 
apolipoproteins once their hydrophobic groups have been exposed.  
It was previously mentioned in this discussion that the trend in decreasing T2 and 
increasing peak resolution observed in 3–28 d was expected to continue until 168 d. Based on the 
G’ and σ* data collected via rheological measurements, gel strength increased until 168 d. Gel 
strength and viscosity were correlated, and systems with higher viscosity possess lower proton 
mobility (Bloembergen, Purcell, & Pound, 1948). Therefore, the mobility of gelled yolks stored 
frozen for 84 and 168 d was expected to decrease. However, mobility of these samples increased. 
The sole lipoprotein aggregation interpretation does not fit with these results, but there may be 
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another explanation. The CPMG spectra change observed in 84 and 168 d may be indicative of 
an entirely different change in the matrix that had not occurred 1–28 d of frozen storage. Results 
opposing the expected trend were also observed when comparing the gel strength and particle 
size distribution. Rheological results correlated well with particle size results up to a certain 
freezing time, where G’ and σ* increased with increased particle size or aggregation. Based on 
that relationship, 168 d was expected to have the largest particle size values since it had the 
greatest gel strength. However, a fairly high abundance of smaller particles was observed in 168 
d. This, along with the increased mobility of yolk components detected by 1H NMR 
spectroscopy, can be explained by further changes occurring during storage and a secondary 
stage of gelation. 
 The first stage of gelation involves the removal of free water by slow ice crystal growth. 
This results in the concentration of lipoprotein particles and other components, and the structural 
stability of LDL is compromised. This prompts LDL aggregation, and LDL particles continue to 
aggregate, expanding and stabilizing the gel network as the yolk is kept for longer periods of 
freezing. At a certain point, between 28 and 84 d, the second stage of gelation begins. It is 
characterized by the release of proteins that were previously participating in other interactions of 
the 1–28 d gel. The liberated proteins participate in their own aggregation outside of the LDL 
network, observed between 84 and 168 d. Dissociated proteins are now more mobile, and the 
increased surface area exposes more binding sites for water molecules. Such changes would 
significantly alter the mobility of yolk components. Furthermore, the dissociated proteins would 
be detected as smaller particles by the particle size analyzer. This second stage gelation explains 
both the matrix mobility changes and particle size distribution changes that could not be 
described by the first stage gelation. 
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Free water content 
 The matrix mobility experiment determined that water molecules of yolk were greatly 
affected by the length of frozen storage. To confirm the observed changes in bound and unbound 
water of yolk, the unbound water content was studied according to the method of Wakamatu, 
Sato, and Saito (1983). Freezable water content (g/g solid) of fresh and gelled yolk was 
determined by comparing the exothermic and endothermic change in enthalpy of the samples to 
that of ultrapure water. The average amount of unbound water was the same in CF and C0d. It 
increased slightly from C0d to 1 d and continued to increase until 7 d, after which it decreased 
until 28 d, increased at 84 d, and finally decreased again at 168 d. These results did not follow 
the previously discussed proton mobility as affected by freezing time, except that the unbound 
water proton pools of CF and C0d had similar T2 and PP. Furthermore, no statistical differences 
were found in the freezable water content (Table 3.1). The differential scanning calorimeter was 
determined to be not sensitive enough to distinguish the minute changes in water states that the 
1H NMR spectrometer could detect.  
 
Protein characterization 
 Preliminary SDS-PAGE tests showed that some protein bands from whole yolk were too 
dense and thus difficult to distinguish relative to other bands. Plasma and granule fractions were 
collected to better differentiate yolk proteins. Gel electrophoresis analysis of the plasma and 
granules helped determine which fractions participated in freeze-thaw gelation by observing any 
changes in the protein bands. 
The interference at the top of the gel in the lanes belonging to yolk (YF and YG) and 
plasma (PF and PG) samples was caused by lipids because the defect was not present in 
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delipidated samples (dYF, dYG, dPF, and dPG) (Figure 3.8). Unaltered yolk and plasma samples 
were difficult to analyze as a result, so only delipidated samples were considered in this 
discussion. There was no obvious difference in the band pattern of dYF and dYG aside from 
more extreme downward curving, or frowning, of the 100 kilodalton (kDa) band in the gelled 
yolk. Greater frowning was also observed in the gelled compared to the fresh plasma. Frowning 
is typically caused by an uneven electric field or temperature fluctuations of the running buffer. 
The frowning seen in Figure 3.8 was attributed to differences between fresh and gelled samples 
and not operator or instrumental error, as subsequent lower molecular weight (MW) bands were 
straight. Frowning of bands within lanes may also indicate overloading of protein (Bio-Rad, 
2015), so there may be a higher concentration of 100 kDa protein in gelled yolk. Aggregation 
may have occurred through increased disulfide bonding events during gelation, as disulfide 
bonds are a source of frowning or streaking in PAGE (Nybo, 2012; Rajagopal, Gowda, & Singh, 
2015). The slower electrophoretic mobility of the 100 kDa protein observed in the delipidated 
gelled yolk and plasma may indicate formation of intermolecular disulfide bonds during freeze-
thaw gelation (Cumming, Andon, Haynes, Park, Fischer, & Schubert, 2004). The HDL of 
granules contain the majority (86%) of the cysteine residues that would be available for disulfide 
bond formation (Cook, Burley, Martin, & Hopkins, 1962). 
Densitometric analysis of the bands confirmed a significant increase (p < 0.05) in the 
optical density (OD) of the 100 kDa band when comparing fresh and gelled samples (Table 3.2). 
The 100 kDa band was denser in the delipidated plasma, demonstrating that the protein belonged 
to the plasma fraction of yolk (Figure 3.8). There have been no Native-PAGE studies of yolk 
proteins, so the 100 kDa protein was not previously identified. Yolk proteins have only been 
separated by SDS-PAGE, and it is difficult to compare protein bands of the same sample 
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analyzed with Native- and SDS-PAGE. Proteins separated by SDS-PAGE have been denatured 
with heat and a reducing agent and carry the same charge due to the action of SDS, whereas 
proteins separated by Native-PAGE have intact tertiary structure and carry different charges 
since heat, reducing agent, and SDS was not used. Future tests should be conducted to identify 
the 100 kDa protein since results show that its concentration increases as a result of 
intermolecular disulfide bonding during yolk gelation.   
 A marked difference was also seen in the 250–275 kDa bands of dPF and dPG (Figure 
3.8, Table 3.2). These bands were not present in dYF or dYG, suggesting a change caused by 
delipidation. A difference that was not attributed to delipidation effects was the increased 
smearing of the 250–275 kDa bands in dPG, which was also seen in the unaltered gelled plasma 
(PG) (Figure 3.8). It is challenging to interpret these results because lipid interference may have 
caused the greater smearing in PG vs PF, and delipidation may have caused the same effect in 
dPG vs dPF. If the lipids and delipidation did not have an effect on proteins of yolk/plasma and 
delipidated yolk/plasma, respectively, then the smearing may be a result of protein aggregation 
during yolk gelation.  
Figure 3.9 shows the SDS-PAGE profiles of fresh yolk (YF), plasma from fresh yolk 
(PF), and granules from fresh yolk (GrF). All major yolk proteins identified by Le Denmat, 
Anton, and Beaumal (2000) matched those observed in Figure 3.9 and were identified as such. 
Bands of 38–40, 60–70, and 83 kDa (livetins) and 16, 60–70, 137, and 175 kDa (apo-LDL) were 
confirmed as plasma proteins by noting the presence of the bands in PF and their absence in GrF. 
The same was done for bands of 46 kDa (phosvitin) and 32, 53, 79, and 105 kDa (apo-HDL). 
Faint bands of 10, 20, 25, 170, and 270 kDa observed in Figure 3.9 were not found in the SDS-
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PAGE profiles by Le Denmat, Anton, and Beaumal (2000) and have not been identified in this 
study.  
Delipidation of yolk and plasma did not affect the density or electrophoretic mobility of 
the proteins in yolk and plasma, though delipidation gave better separation and minimal warping 
of lower MW proteins (10 and 15 kDa). As a result, only the delipidated fresh and gelled yolk 
(dYF and dYG) and plasma (dPF and dPG) samples were considered in this discussion. The 
granules of fresh and gelled yolk (GrF and GrG) are included in Figure 3.10 to show that some 
of the granular proteins (32, 79, and 105 kDa apo-HDL) were not completely extracted in gelled 
yolk. This resulted in the greater OD of 32, 79 and 105 kDa apo-HDL in plasma collected from 
gelled vs fresh yolk (Figure 3.10).  
Several differences in SDS-PAGE profiles were observed in dYF and dYG. A very high 
MW protein (> 270 kDa) observed in granules had greater OD in dYF compared to dYG (Figure 
3.10, Table 3.3), suggesting that the protein belonged to the granules fraction and is a complex 
that dissociated during gelation. The > 270 kDa protein complex may have dissociated into 46 
kDa subunits, as the 46 kDa band in dYG had significantly greater OD compared to dYF (Figure 
3.10, Table 3.3). The 46 kDa subunits may be phosvitin (Figure 3.9), a water-soluble protein that 
complexes with HDL and LDL to form granules in yolk (Anton, 2013; Causeret, Matringe, & 
Lorient, 1991). Furthermore, the > 270 kDa band was present in GrF but not in GrG, and the 46 
kDa band with greater OD in dYG is also seen in GrG. This supports the proposal that after 
freeze-thaw, the > 270 kDa complex dissociated into 46 kDa subunits and that both proteins were 
part of the granular fraction.  
  In dPF and dPG, there was also a marked difference in the OD of 105 kDa apo-HDL, a 
granular protein. The 105 kDa band had significantly greater OD (p < 0.05) in dPG vs dPF, as 
79 
 
 
 
well as dYF vs dYG (Table 3.3). This indicated that a larger amount of 105 kDa apo-HDL was 
separated into the supernatant (i.e., plasma) during fractionation of gelled yolk. There was 
clearly a change occurring in the granules during freeze-thaw that was responsible for the 
increased presence of 105 kDa apo-HDL in the plasma fraction. It is possible that this apo-HDL 
also dissociated from the > 270 kDa protein complex. SDS-PAGE analysis suggested that 
phosvitin and apo-HDL dissociated from the granules and during freeze-thaw gelation after 7 d 
of storage at –20°C. This is important because past studies have emphasized the key role of 
plasma LDL and not granules in the gelation mechanism (Kumar & Mahadevan, 1970; Kurisaki, 
Kaminogawa, & Yamauchi, 1980; Mahadevan, Satyanarayana, & Kumar, 1969; Meyer & 
Woodburn, 1965; Powrie, Little, & Lopez, 1963; Wakamatu, Sato, & Saito, 1983), yet our 
results showed changes in the conformation of granules and the concentration of phosvitin and 
105 kDA apo-HDL after freeze-thawing of yolk. This corresponded with some studies which 
note that gelation may involve compounds other than LDL (Chang, Powrie, & Fennema, 1977a; 
Soliman & Van Den Berg, 1971; Wakamatu, Sato, & Saito, 1982).  
 
Microstructure  
The electron micrographs in this study resembled those of Mineki and Kobayashi (1997). 
The shapes and electron densities of the yolk structures were comparable, and the size and shape 
of granules in the yolk they studied (0.3 to 2.5 µm dia) were similar to the granules observed in 
this study. Plasma LDL and granules were identified based on their size and composition. 
Granules were the large, dark gray bodies of 0.2–3 µm diameter (Figure 3.11). LDLs were the 
numerous small, dark gray spots with diameters of approximately 10–30 nm observed in the 
matrix surrounding the granules. Based on their high electron density and known composition 
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(64% protein), the granules were regarded as proteins. LDLs were identified due to their staining 
characteristics and known composition of ~86% lipids. Lipids, which are stained and fixed by 
osmium tetroxide, appear electron-dense. If samples are not osmicated, lipids are removed from 
the sample in subsequent steps. By preparing yolk samples with and without osmication, the 
lipids were identified. In Figure 3.11, the left column of images (A, C, E) show osmicated 
samples with many small dark spots in the matrix, while the images in the right column (B, D, F) 
are non-osmicated and lack the small dots. Thus, the numerous small particles were LDLs. The 
granules of non-osmicated samples were unaffected by the sample preparation because they have 
a relatively low lipid content (31%), and these lipids are tightly bound in HDL of granules and 
may not have been fully removed.  
The most notable changes in yolk microstructure was observed between fresh yolk 
(Figure 3.11 A) and yolk stored at –20°C for 1 d (Figure 3.11 C) and 168 d (Figure 3.11 E) then 
thawed. After 1 d of frozen storage, the yolk matrix was disrupted by voids with little to no 
electron density (Figure 3.11 C and 3.12 B). Hasiak, Vadehra, Baker, and Hood (1972) noted the 
same effect after 3 d freezing and thawing of yolk. However, there were no marked differences 
in the appearance of gelled yolk stored > 1 d until 168 d of frozen storage (Figure 3.11 E, 
Appendix D). The voids became less uniform in shape, with more appearing around the edge of 
the granules. Furthermore, there was an increase in the appearance of small, light-colored circles 
within the granules (Figure 3.11 E and 3.12 C). These results indicated two important changes in 
yolk during freezing and thawing. The voids that appeared after 1 d frozen storage were likely 
due to ice crystal growth. This suggested that as yolk froze, microscopic ice crystals became 
locally concentrated and disrupted the matrix even after thawing. Sometime between 84 and 168 
d of frozen storage, the freezing damage was so extensive that a notable change was observed in 
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the distribution of the voids left by the ice crystals. In addition, the appearance of the light-
colored circles within the granules indicated that granular components became dissociated during 
frozen storage at > 84 d.  
 
Summary 
Constituents of both plasma and granules of egg yolk contribute to freeze-thaw yolk 
gelation. Evidence shows that there are two stages of gelation during prolonged frozen storage. 
The proposed mechanism for the two-stage gelation is shown in Figure 3.13. The first stage, 
observed from 1 to 28 d of storage at –20°C, involves the aggregation of lipoprotein particles via 
hydrophobic interactions resulting from the disruption of lipoprotein structures caused by water 
removal during slow freezing. States of water continue to change as the gel network stabilizes 
with increased length of freezing. The second stage, observed from 84 to 168 d of frozen storage, 
involves the liberation of proteins or apolipoproteins from aggregates formed during the first 
stage. These liberated constituents then aggregate to contribute to a stronger gel network. It is 
suggested that intermolecular disulfide bonding of HDL was responsible for protein-protein 
aggregation of yolk gelation. Granules, and specifically phosvitin and 105 kDa apo-HDL, was 
shown to play a role in gelation. 
 Future work is necessary to determine how granules participate in yolk gelation. 
Furthermore, a more sensitive instrument should be used to detect changes in the free and bound 
water in fresh versus gelled yolk, as it is important to understand how the states of water impact 
matrix mobility of yolk at different stages of gelation.  
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Conclusions 
 Many studies have been published demonstrating the role of plasma LDL in the freeze-
thaw gelation of yolk, but granules should not be disregarded in determining the mechanism of 
gelation. In this study, both plasma and granules were shown to contribute to gelation with the 
use of traditional and novel techniques. These methods allowed for the successful evaluation of 
yolk gel strength, particle size, matrix mobility, protein aggregation, and microstructure as 
influenced by long-term freezing storage. In particular, the two-stage gelation described in this 
study has never been observed. This is important because it indicates that the yolk system is 
dynamic even at -20°C, and macro- and nanoscopic changes continue during long-term frozen 
storage up to 168 d. 
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Figure 3.1  Heat transfer apparatus used to prepare frozen yolk disks. 
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Figure 3.2  Elastic modulus (A) and yield stress (B) of gelled yolks stored at  
-20°C for varying lengths of time (0, 1, 3, 7, 14, 28, 84, 168 d). Data point at 
0.7 d is C0d, 0d gelled yolk control. Values with different letters are 
significantly different (p < 0.05). 
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Figure 3.3  Representative volume weighted particle size distribution of fresh 
yolk fractions and fresh and gelled yolk. Gelled yolk was stored at -20°C for 
varying lengths of time (1, 3, 7, 14, 28, 84, 168 d). Abbreviations are CFp, 
fresh yolk plasma; CFg, fresh yolk granules; CF, fresh yolk control; C0d, 0 d 
gelled yolk control.  
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Figure 3.4   Percentile diameters, surface area moment mean, and volume moment mean of 
fresh yolk fractions and fresh and gelled yolk. Gelled yolk was stored at -20°C for varying 
lengths of time (1, 3, 7, 14, 28, 84, 168 d). d (0.1), d (0.5), and d (0.9); 10%, 50%, and 90% 
of the volume distribution, respectively, is below this value. D [3, 2], surface area moment 
mean (Sauter Mean Diameter) relevant where specific surface area is important – most 
sensitive to fine particulates. D [4, 3], volume moment mean (De Brouckere Mean Diameter) 
reflecting the size of particles that constitute the majority of the sample volume – most 
sensitive to large particulates. Data point at 0.5 d is CF, fresh yolk control; data point at 0.7 d 
is C0d, 0 d gelled yolk control. 
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Figure 3.5  Representative CPMG spectra of fresh and gelled yolk. Gelled yolk was stored 
at -20°C for varying lengths of time (1, 3, 7, 14, 28, 84, 168 d). Abbreviations are CF, 
fresh yolk control; C0d, 0 d gelled yolk control. Dashed lines of CF and 84d represent 
observation of three peaks for half of the measurements of the sample and four peaks for 
the other half. 
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Figure 3.6  Simplified lipoprotein aggregate network 
structure in freeze-thawed yolk. 
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Figure 3.7  Spin-spin relaxation rate of fresh and gelled yolk. 
Gelled yolk was stored at -20°C for varying lengths of time (1, 3, 7, 
14, 28, 84, 168 d). Data point at 0.5 d is CF, fresh yolk control; data 
point at 0.7 d is C0d, 0 d gelled yolk control. 
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Figure 3.8  Native-PAGE of yolk and plasma. Abbreviations are Std, standard; d, 
delipidated; Y, yolk; P, plasma; Gr, granules; F, fresh; G, gelled.  
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Figure 3.9  SDS-PAGE of yolk, plasma, and granules with identified proteins. Proteins 
were identified based on SDS-PAGE profiles by Le Denmat, Anton, and Beaumal (2000). 
Abbreviations are Std, standard; d, delipidated; Y, yolk; P, plasma; F, fresh; G, gelled. 
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Figure 3.10  SDS-PAGE of yolk, plasma, and granules. Abbreviations are Std, standard; d, delipidated; 
Y, yolk; P, plasma; Gr; granules, F, fresh; G, gelled. 
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Figure 3.11  TEM micrographs of osmicated and non-oscimated fresh and gelled yolk. 
Samples are osmicated fresh (A), non-osmicated fresh (B), osmicated 1 d gelled (C), 
non-osmicated 1 d gelled (D), osmicated 168 d gelled (E), non-osmicated 168 d gelled 
(F) yolk. 
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Figure 3.12  TEM micrographs of osmicated fresh and gelled yolk. Samples are fresh (A), 1 d gelled (B), 
168 d gelled (C) yolk. 
 
 
      Figure 3.13  Proposed mechanism of two-stage yolk gelation.
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CHAPTER 4: GENERAL CONCLUSIONS 
The overall objective of this research was to determine the gelation mechanism of freeze-
thawed hen egg yolk stored at –20°C for varying lengths of time. A secondary objective was to 
develop a novel low-resolution 1H NMR spectroscopic technique to study the changes in the yolk 
system as a result of freezing and thawing. Table 4.1 summarizes the results of the analyses 
detailed in Chapters 2 and 3. The first study (Chapter 2) focused on the development of the 1H 
NMR spectroscopic technique for the study of matrix mobility in fresh and gelled yolk. The 
components of yolk were successfully identified as proton pools of proteins and protein-lipid or 
protein-water inteactions; lipids and lipid-protein or lipid-water interactions; and unbound water. 
Results indicated that yolk samples should be measured immediately after sample preparation. 
The test was sensitive and had high repeatability when conditions were completely controlled 
and standardized. The determination of the component/peak identities, optimal measurement 
conditions, and repeatability of matrix mobility analysis by low resolution 1H NMR spectroscopy 
was critical for proper instrument usage and data interpretation in the yolk gelation study detailed 
in Chapter 3. 
 The second study (Chapter 3) investigated the changes occuring between fresh and gelled 
yolk, as well as the effect of frozen storage time on the gelled yolk system. Results showed that 
plasma and granules play a role in gelation. Constituents of plasma and granules (e.g., LDL, apo-
LDL, HDL, phosvitin) aggregated as a result of water removal from freezing, evidenced by 
increased particle size which contributed to increased gel strength. Native-PAGE showed that 
aggregation of yolk components may have been a result of intermolecular disulfide bonding after 
freeze-thaw. Furthermore, SDS-PAGE indicated that the dissociation and aggregation of 
phosvitin, possibly through disulfide bonding, occurred after 7 d of frozen storage. 1H NMR 
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spectra and TEM micrographs proved that water removal via ice crystal formation led to changes 
in the states of water as well as the overall matrix of yolk. The results from particle size 
distribution, 1H NMR spectroscopy, and TEM suggested the occurrence of two stages of 
gelation: the first at frozen storage ≤ 28 d and the second between 84 and 168 d of storage at  
–20°C. The first stage of gelation may correspond with aggregation of lipoproteins, while the 
second stage may correspond with liberation of proteins from the aggregates formed during the 
first stage and further aggregation of these proteins. The increased abundance of smaller particles 
detected at 168 d, which contributed to signficantly increased gel strength, supports the 
suggested mechanism of second-stage gelation. This is the first time that this mechanism has 
been proposed based on experimental evidence. 
 Overall, this research demonstrated that the 1H NMR technique was a robust method, and 
that gelation is induced by continuous aggregation of yolk constituents over extended periods of 
frozen storage. Understanding the interactions of yolk constituents during freeze-thaw will help 
researchers and food processors develop ways to reduce or prevent gelation without the use of 
additives such as sodium chloride or sucrose. 
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Table 4.1  Summary of yolk gelation analyses and results. 
Thesis 
Chapter 
Analysis and Technique Notable Results 
2 
Peak identification by 1H 
NMR spectroscopy 
Least to most mobile peak/proton pool: 1) protein and 
interactions between protein, lipid, and water; 2 and 3) lipid 
and interactions between lipid, protein and water; 4) unbound 
water 
2 
Stability test by 1H NMR 
spectroscopy 
Optimal measurement is within 24 h after separation for fresh 
yolks and 3 d for gelled yolks 
2 
Repeatability test by 1H 
NMR spectroscopy 
Fresh yolk spectra were consistent and highly reproducible. 
Gelled yolk spectra were not as reproducible. 
3 
Gel mechanical property 
by rheology 
Gel strength increased significantly with increasing frozen 
storage time. 
3 
Particle size by particle 
size analysis 
Fresh yolk had two distinct populations of small and large 
particles, while gelled had one population of larger particles. 
Surface area and volume moment mean of ≥ 1 d gelled yolk 
were consistently larger than fresh, excluding 168 d which had 
significantly lower values. 
3 
Matrix mobility by 1H 
NMR spectroscopy 
Water proton pools became continually less mobile and more 
differentiated 1 – 28 d, then more mobile and less 
differentiated ≥ 84 d. 
3 Free water content by DSC 
No significant differences in peak temperature, transitions 
heats, or freezable water content. 
3 
Protein characterization by 
Native- and SDS-PAGE 
Protein aggregation may have occurred through 
intermolecular disulfide bonding. Phosvitin appeared to have 
dissociated from granules as a result of freeze-thawing. 
3 Microstructure by TEM 
Micro ice crystals disrupted yolk matrix. Granular 
components appeared to have dissociated from granules. 
 
 
Future Work 
 Future research should focus on the conformational changes of LDL and granules 
resulting from freezing and thawing yolk. Raman spectroscopy of whole yolk and yolk fractions 
may be beneficial for the assessment of structural changes in gelled yolk. Further fractionation of 
yolk into LDL, HDL, apo-LDL, apo-HDL, and phosvitin should be considered. Studies of these 
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individual components with techniques such as conventional and cryo-TEM and Native- and 
SDS-PAGE may provide insight to the aggregation and matrix mobility changes in gelled yolk. 
Scanning electron microscopy (SEM) may be another valuable method for studying the 
rearrangement of the yolk matrix. The use of reagents in the preparation of TEM samples (i.e., 
ethanol dehydration) will not be necessary to image fresh and gelled yolk with cryo-SEM. 
Comparatively, cryo-SEM is a more efficient form of microscopy which utilizes little to no 
preparation which could interfere with the original structure of samples. Having a deeper 
understanding of the structural changes and interactions of yolk constituents would help to fully 
determine the mechanism of gelation of freeze-thawed hen egg yolk. 
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APPENDIX A.  ELASTIC MODULUS AND  
YIELD STRESS OF GELLED YOLKS STORED  
AT –20°C FOR VARYING LENGTHS OF TIME 
 
 G’a (Pa) σ*b (Pa) 
C0d 1185 ± 141 g 91 ± 15 d 
1d 2206 ± 185
 
f 185 ± 21 bc 
3d 3146 ± 395 e 154 ± 18 c 
7d 3995 ± 325 d 187 ± 45 bc 
14d 5271 ± 370 c 158 ± 34 c 
28d 7114 ± 76 b 219 ± 49 b 
84d 6804 ± 519
 
b 225 ± 45 b 
168d 11857 ± 994
 
ga 297 ± 9 a 
 
a G’, elastic storage modulus. b σ*, yield stress. Values with different letters within each 
column are significantly different (p < 0.05). 
 
 
 
 
APPENDIX B1. PERCENTILE DIAMETERS, SURFACE AREA 
MOMENT MEAN, AND VOLUME MOMENT MEAN  
OF FRESH YOLK AND ITS FRACTIONS 
 
 d (0.1)a d (0.5) a d (0.9) a D [3, 2]b D [4, 3]c 
CFp
d 0.156 ± 0.006 b 0.327 ± 0.038 c 1.788 ± 0.577 b 0.302 ± 0.025 c 2.124 ± 1.417 b 
CFg
e 0.334 ± 0.011 a 0.963 ± 0.021 b 2.479 ± 0.070 b 0.697 ± 0.064 b 3.457 ± 1.027 ab 
CF
f 0.309 ± 0.011 a 4.205 ± 0.262 a 11.948 ± 0.459 a 0.998 ± 0.026 a 5.208 ± 0.218 a 
 
a d (0.1), d (0.5), and d (0.9); 10%, 50%, and 90% of the volume distribution, respectively, is below this 
value. b D [3, 2], surface area moment mean (Sauter Mean Diameter) and relevant where specific surface 
area is important – most sensitive to fine particulates. c D [4, 3] is the volume moment mean (De 
Brouckere Mean Diameter) reflecting the size of particles that constitute the majority of the sample 
volume – most sensitive to large particulates. d CFp, fresh yolk plasma. 
e CFg, fresh yolk granules. 
f CF, 
fresh yolk. Values with different levels within each column are significantly different (p < 0.05). 
 
 
 
106 
 
 
 
 
 
APPENDIX B2. PERCENTILE DIAMETERS, SURFACE AREA 
MOMENT MEAN, AND VOLUME MOMENT MEAN  
OF FRESH AND GELLED YOLKa  
 
 d (0.1)b d (0.5)b d (0.9)b D [3, 2]c D [4, 3]d 
CF 0.309 ± 0.011 f 4.205 ± 0.262 e 11.948 ± 0.459 c 0.998 ± 0.026 e 5.208 ± 0.218 e 
C0d 5.946 ± 0.011 d 11.130 ± 0.016 d 20.979 ± 0.114 b 9.973 ± 0.013 d 12.508 ± 0.040 d 
1d 7.544 ± 0.170 a 16.764 ± 0.708 ab 34.965 ± 1.951 a 13.916 ± 0.433 a 19.431 ± 0.891 ab 
3d 7.301 ± 0.242 ab 17.289 ± 0.831 a 37.830 ± 2.130 a 13.965 ± 0.496 a 20.442 ± 0.945 a 
7d 6.736 ±  0.139 c 15.004 ± 0.606 c 32.569 ± 3.141 a 12.514 ± 0.194 bc 17.757 ± 1.124 bc 
14d 7.013 ± 0.135 bc 15.297 ± 0.181 bc 32.043 ± 1.248 a 12.843 ± 0.092 bc 17.804 ± 0.402 bc 
28d 6.316 ± 0.118 d 15.158 ± 0.717 bc 36.241 ± 2.163 a 12.303 ± 0.406 c 18.829 ± 0.983 ab 
84d 6.941 ± 0.122 bc 16.520 ± 0.967 abc 36.985 ± 3.469 a 13.341 ± 0.441 ab 19.733 ± 1.407 ab 
168d 4.812 ± 0.031 e 11.660 ± 0.035 d 33.837 ± 0.925 a 9.595 ± 0.010 d 16.320 ± 0.266 c 
 
a Gelled yolk were stored at -20°C for varying lengths of time (1, 3, 7, 14, 28, 84, 168 d). b d (0.1), d 
(0.5), and d (0.9); 10%, 50%, and 90% of the volume distribution, respectively, is below this value.  
c D [3, 2], surface area moment mean (Sauter Mean Diameter) and relevant where specific surface area is 
important – most sensitive to fine particulates. d D [4, 3] is the volume moment mean (De Brouckere 
Mean Diameter) reflecting the size of particles that constitute the majority of the sample volume – most 
sensitive to large particulates. e CF, fresh yolk control.  
f C0d, gelled yolk control. Values with different 
levels within each column are significantly different (p < 0.05) 
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